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(57) ABSTRACT

Methods and compositions for tracking or monitoring uptake
of siIRNA by mammalian cells are provided. The methods and
compositions may be used to monitoring the silencing activ-
ity of the internalized siRNA. The compositions contain an
s1IRNA, an optically or magnetically detectable nanoparticle
such as a quantum dot and, optionally, a transtection reagent.
Cells are contacted with an siRNA and an optically or mag-
netically detectable nanoparticle, optionally in the presence
ol a transfection reagent. Detection of internalized nanopar-
ticles 1s mdicative of siRNA uptake. The invention allows
analysis, 1dentification, processing, etc., of cells that have
cificiently taken up siRNA. In one embodiment, cells are

sorted 1nto at least two populations based on the amount of
siIRNNA taken up.
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COMPOSITIONS AND METHODS TO
MONITOR RNA DELIVERY TO CELLS

GOVERNMENTAL SUPPORT

[0001] The United States Government has provided grant
support utilized 1n the development of the present invention.
In particular, National Institutes of Health contract number
NO1-C0-37117 has supported development of this invention.
The United States Government may have certain rights in the
invention.

BACKGROUND OF THE INVENTION

[0002] Considerable attention has been devoted to devel-
oping reagents and methods for introducing nucleic acids into
cukaryotic cells. Traditionally, most efforts have centered on
the delivery of relatively large DNA constructs containing a
gene of 1interest into the nucleus of eukaryotic cells in order to
achieve either stable or transient increases 1n expression of
the gene. More recently, with the discovery of RNA interter-
ence (RNA1), there has been increased interest in reagents and
methods for delivering RNA to cells.

[0003] RNAI1 1s a gene silencing mechanism triggered by
double-stranded RNA (dsRNA) that has emerged as a pow-
erful tool for studying gene function. Since the discovery of
RNA1 (1), the evolutionarily conserved process has been
exploited to analyze the functions of nearly every gene 1n
model organisms C. elegans (2, 3) and D. melanogaster (4)
and a host of mammalian genes including approximately 23%
of the sequenced human genes (35, 6). RNA1 has also been
used to effectively mhibit expression of viral genes in mam-
malian cells, resulting 1n 1nhibition of viral infection (45-47).
In addition to viral target genes, RNA1 has been used to
silence expression of a wide range of endogenous disease-
related genes 1n mammalian cells, suggesting a variety of
potential therapeutic applications (see, e.g., 54).

[0004] RNAa11s frequently achieved in mammalian cell cul-
ture or in vivo by the admimistration of short dsRINA duplexes,
typically with symmetric 2-3 nucleotide 3' overhangs,
referred to as siRINA. If the RNA1 effector sequence 1s potent
and the siRNA delivered elliciently throughout the cell cul-
ture, remarkably specific post-transcriptional inhibition of
gene expression can be achieved (7, 8). However, inetficient
and heterogeneous delivery of siRNA 1s frequently observed
in cell cultures, causing variable levels of gene silencing and
potentially confounding the interpretation of genotype/phe-
notype correlations (9-12). Without the means to address and
resolve transiection variability, the utility of RNA1 1n eukary-
otes will only be fully realized 1n cell types that have been

thoroughly optimized for siRNA delivery (13).

[0005] The importance of high transiection efficiency has
been spotlighted by numerous reports investigating methods
to either improve RNA1 delivery (14-17) or screen for effi-
cient knockdown. In the latter case, typical strategies involve
monitoring fluorescently end-modified siRNAs (18, 19) or
co-transiecting reporter plasmids and selecting for high trans-
fection by fluorescence or antibiotic-resistance (20). These
techniques enable one-time selection of lighly transfected
cells yet discard moderately-silenced cells, which may be of
interest to the study. For example, varying degrees of RINA1-
mediated downregulation in the tumor suppressor gene Trp53
have been shown to modulate expression of distinct patho-
logical phenotypes both 1n vitro and 1n vivo (21). Moreover,
rapid photobleaching of organic fluorophores and the limited
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selection of available reporters currently prevent RNA1 track-
ing from being feasible 1n either long-term or multiplexed
studies. The dyes commonly used to label siRNAs lose over
half the intensity of fluorescent signal 1 35-10 seconds (22,
23). Meanwhile, fluorescent reporter plasmids, although
meant to be continuously expressed by the cells, can require
as long as 2 hours after transcription for the functional protein
to be observable (24). In addition, due to the limited avail-
ability of fluorophores and reporter proteins that have non-
overlapping emission spectra, current screening methods that
rely on exogenous administration ol siRNAs to cells are 1inca-
pable of simultaneous monitoring of multiple siRNA mol-
ecules.

[0006] Development of more effective methods for deliv-
ery of siRNA 1n vivo would enhance and expand the thera-
peutic possibilities ol this technology. However, 1t has thus far
been difficult to study siRNA delivery in animal models of
human disease such as mice and rats. This difficulty con-
founds attempts to evaluate new siRNA delivery vehicles or
to compare the efficacy and/or side effects of different siRNA
sequences 1 vivo.

[0007] Thus there 1s a need 1n the art for improved methods
for monitoring the delivery of functional RNAs such as
s1IRNA to eukaryotic cells.

SUMMARY OF THE INVENTION

[0008] The present mnvention provides compositions and
methods for monitoring the delivery of RNA to cells. In one
aspect, the mvention provides an 1solated composition com-
prising an optically or magnetically detectable nanoparticle
and an RNA1 agent. The nanoparticle may be physically
associated with the RNA1 agent. For example, in some
embodiments of the invention, the RN A1 agent and the nano-
particle are present 1n a complex with a transfection reagent.
In some embodiments of the invention, the RNA1 agent and
the nanoparticle are either covalently or non-covalently con-
jugated to one another.

[0009] The invention further provides a composition com-
prising a nanoparticle, a functional RNA, and a transfection
reagent. The functional RNA may be selected from the group
consisting of: siRNAs, shRINAs, tRNAs, and ribozymes.
[0010] Inoneaspect, the invention provides a cell compris-
ing an optically or magnetically detectable nanoparticle and a
functional RNA, wherein the functional RNA was not syn-
thesized by the cell.

[0011] In one aspect, the invention provides a kit compris-
ing an optically or magnetically detectable nanoparticle and
an RNA1 agent. In certain embodiments of the invention, the
RINA1 agent 1s an siRNA and the nanoparticle 1s a quantum
dot.

[0012] In one aspect, the mvention provides a method of
supplying an RNA1 agent comprising steps of: (a) electroni-
cally receiving an order for an RNA1 agent or an optically or
magnetically detectable nanoparticle from a requestor; and
(b) providing an RNA1 agent and an optically or magnetically
detectable nanoparticle to the requester, the nanoparticle
being for use to track or monitor uptake of the RNA1 agent by
cells. In certain embodiments of the invention, the RNA1
agent 1s an siIRNA and the nanoparticle 1s a quantum dot.
[0013] In one aspect, the mvention provides a method of
monitoring delivery of a functional RNA to a cell comprising
steps of: (a) contacting the cell with an optically or magneti-
cally detectable nanoparticle and a functional RNA; and (b)
analyzing the cell to detect the presence, absence, or amount
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of the nanoparticle 1n the cell, wherein presence of the nano-
particle 1n the cell 1s indicative of presence of the functional
RNA 1n the cell. In certain embodiments of the invention, the

tunctional RNA 1s a short RNA1 agent (e.g., an s1iRNA), and
the nanoparticle 1s a quantum dot. The amount of the nano-
particle 1n the cell 1s indicative of the amount and/or activity
of the functional RNA 1in the cell 1n certain embodiments of
the 1invention.

[0014] The invention further provides a method of moni-
toring gene silencing 1n a cell comprising steps of: (a) con-
tacting the cell with an optically or magnetically detectable
nanoparticle and an RNA1 agent targeted to a gene; and (b)
analyzing the cell to detect the presence, absence, or amount
of the nanoparticle 1n the cell, wherein presence of the nano-
particle 1 the cell 1s indicative of silencing of the gene by the
RNA1 agent. The method may further comprise the step of
separating the cells 1nto at least two populations based on the
amount of the nanoparticle 1n the cells.

[0015] The invention further provides a method of sorting
cells comprising steps of: (a) contacting cells with an opti-
cally or magnetically detectable nanoparticle and a functional
RNA; (b) analyzing the cells to detect the presence, absence,
or amount of the nanoparticle 1n the cells; and (¢) 1dentitying
the cells as belonging to one of at least two populations based
on the presence, absence, or amount of the nanoparticle 1n the
cells. The method may further comprise the step of physically
separating the cells 1into at least two populations based on the
presence, absence, or amount of the nanoparticle 1n the cells.

[0016] The invention further provides a method of sorting
cells comprising steps of: (a) contacting cells with an opti-
cally or magnetically detectable nanoparticle and a functional
RNA; (b) analyzing the cells to detect the presence, absence,
or amount of the nanoparticle in the cells; and (¢) physically
separating the cells 1nto at least two populations based on the
presence, absence, or amount of the nanoparticle 1n the cells.

[0017] The mvention further provides a method of prepar-
ing a composition comprising the step of: contacting an opti-
cally or magnetically detectable nanoparticle, a functional
RNA, and a transiection reagent. The invention further pro-
vides a complex comprising an optically or magnetically
detectable nanoparticle, a functional RNA, and a transfection

reagent. In one embodiment, the nanoparticle 1s a quantum
dot and the RNA 1s an siRNA.

[0018] The mvention provides compositions and methods
such as those described above comprising a multiplicity of
different RNAs and a multiplicity of optically or magnetically
distinguishable nanoparticles, wherein each of a multiplicity
of different RNAs 1s physically associated with a nanoparticle
that 1s distinguishable from nanoparticles associated with
other RNAs. The mnvention may be used to track or monitor
the uptake and/or activity of one RNA or of multiple RNAs in
a eukaryotic cell 1n culture. Cells may be sorted, separated,
and/or subject to further processing.

[0019] In various embodiments, the invention provides
methods for the i1dentification and/or selection of cells that
have taken up siRNAs in an amount suilicient to silence one
or more target genes, cells that have taken up approximately
equal amounts of the same siRNA or of different siRNAs,
cells that have taken up siRNAs in amounts that do not satu-
rate the RNA1 machinery, cells that have taken up siRNAs in
amounts that do not result 1n non-sequence specific etlects,
cells that have taken up siRNAs 1n amounts that do not result
in “off-target” silencing, etc.
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[0020] Inany of the compositions or methods of the mven-
tion, the RNA can be a short RNA1 agent (e.g., an siRNA). In
any ol the compositions or methods of the mvention the
detectable nanoparticle can be a quantum dot. In any of the
compositions or methods of the invention the nanoparticle
may or may not have a biomolecule such as an endosome
escape agent, a translocation peptide, or a nucleic acid
attached thereto.

[0021] This application refers to various patent publica-
tions, all of which are incorporated herein by reference. For
purposes of the present invention, the chemical elements are
identified in accordance with the Periodic Table of the Ele-
ments, CAS version, Handbook of Chemistry and Physics,
75th Ed., mside cover, and specific functional groups are
generally defined as described therein.

BRIEF DESCRIPTION OF THE DRAWING

[0022] FIG. 1: Quantum dot/siRNA complexes allow sort-
ing of gene silencing in cell populations. (Panel A) Schematic
representation ol cells co-transfected with quantum dots
(QDs) and s1IRINA and analyzed for intracellular fluorescence
by flow cytometry. Histograms depict fluorescence distribu-
tions of control murine fibroblast cells, L mna siRNA-treated
cells, and Lmna siRNA/QD-treated cells. FACS was used to
gate and sort the high 10% (H) fluorescence and low 10% (L)
fluorescence of each distribution. L™ and H™ point to gates for
the siRNA only histogram. L™ and H" indicate gates for the
s1IRNNA/QD histogram. (Panel B) Representative Western blot
of Lamin A/C protein expression levels in sorted cells with
B3-actin as loading control. Control lanes are protein from
cells mock-transfected with liposome reagent only and sorted
(L, H). The absence of QDs 1s indicated by a minus sign (-)
and the presence of QDs 1s indicate by a plus sign (+). (Panel
C) Band densitometry analysis of Western blots from repli-
cate experiments. Error bars represent standard error of the
mean (n=3). ***P<0.001 (one-way ANOVA).

[0023] FIG. 2: Immunotluorescence staining of Lamin A/C
nuclear protein. (Panel A) Unsorted cells (U) transiected with
Lmna siRNA alone display heterogenous staining for Lamin
A/C nuclear protemn (red) throughout the cell population.
White arrows highlight examples of cells with weak lamin
staining among cells stained strongly for lamin. (Panel B)
Cells co-transtected with Lmna siRNA and green QDs
exhibit bright lamin staining and lack of QDs 1n low-gated
(L™) cell subpopulations and (Panel C) weak lamin staining
and presence of QDs 1n high-gated (H™) cell subpopulations
(shown enlarged in 1nset). Scale bars 75 um.

[0024] FIG. 3: Optimization of QD concentration for
s1IRNA tracking. Lmna siRNA (100nM)and 1, 2.5, 5,0r 10 ug
QD were co-transiected into murine fibroblasts and the cells
FACS-sorted for the low 10% (L*) and high 10% (H™) of
intracellular fluorescence distribution. (Panel A) Protein
expression of sorted cells assayed by Western blot, p-actin
loading control. Unsorted, lipofectamine only control (U)
represented 100% lamin A/C protein expression. (Panel B)
Western blot band densitometry analysis of L™ and H™ bands
shows an optimum QD concentration for obtaining high-
elficiency silencing. (Panel C) Band density difference (L™
minus H™) reveals an optimum QD concentration for sorting
most etficiently silenced from least efficiently silenced sub-
populations.

[0025] FIG. 4: Sorting the effects of double gene knock-
downs using to colors of QDs. (Panel A) Schematic represen-
tation of cells transtected simultaneously with Lmna siRNA/
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green QD complexes and T-cad siRNA/orange QD
complexes. The low 8% (L™, where ++ designates the pres-
ence of two colors of QDs) and high 8% (H™™) of the dual
fluorescence dot plot was gated and isolated using FACS.
(Panel B) Representative Western blot and (Panel C) corre-
sponding band densitometry analysis of lamin A/C and T-cad-
herin protein levels in control unsorted (U) cells, unsorted (U)
T-cad siRNA-treated cells, sorted T-cad/QD-treated cells (L™,
H™), and sorted dual siRNA/dual QD-treated (L™, H ™) cells.
[0026] FIG. 5: Fluorescence/phase micrographs of two
color QD ftranstections. (Panel A) Low-gated cells (L7,
where ++ 1ndicates the presence of two colors of QD) nearly
lack orange or green QDs. (Panel B) High-gated cells (H™™)
fluoresce brightly with punctate green and orange QDs (en-
larged 1n 1nset). Scale bars 100 um.

[0027] FIG. 6: Significant downstream gene knockdown
clfects of T-cadherin gene silencing are observed only 1n a
homogenously silenced cell population. Murine 313 fibro-
blasts transfected with T-cad siRNA alone or with T-cad
s1IRNA/QD complexes were FACS-sorted for low 10% (L) or
high 10% (H) intracellular fluorescence. Symbols — and +
indicate the absence or presence of QD during transiection.
To study the stabilizing effect of non-parenchymal cell (3T3
fibroblast) protein expression on liver-specific function, con-
trol or transiected/sorted 3’13 cells were added to hepatocyte
cultures 24 hours after hepatocyte seeding. Liver-specific
function was assayed by measuring albumin synthesis and
cytochrome P450 1A1 (CYP1A1) activity of cultured media
sampled at 72 and 96 hours after 313 seeding and averaged.
Error bars represent standard error of the mean (n=3). *P<0.
05, **P<0.01, ***P<0.001 (one-way ANOVA statistical
analysis test).

[0028] FIG. 7: Knockdown efficacy 1s not improved by
transiecting higher doses of siRNA. 313 murine fibroblasts
were transiected with 100, 200, 300 or 400 nM Lmna siRNA
and harvested for protein after 72 h. (Panel A) Representative
Western blot of Lamin A/C protein levels, p-actin loading
control. (Panel B) Band densitometry analysis from replicate
experiments, where error bars represent standard error of the
mean (n=2).

[0029] FIG. 8: QD-labeled and fluorescein-labeled siRNA
fluorescence 1n 313 murine fibroblasts. After continuous mer-
cury lamp exposure, QD fluorescence 1s shown 1n Panel A and
siIRNA fluorescence 1s shown in Panel B. Scale bars are 25
L.

[0030] FIG.9: Silencing activity of QD/siRNA conjugates
in mammalian cells. The upper portion of the figure shows
reagents used to synthesize the conjugates. The lower left
portion of the figure shows silencing activity of siRNA or
QD/s1iRNA conjugates in HelLa cells. The lower right portion

of the figure shows signal obtained from the internalized
QD/s1iRNA conjugates.

[0031] FIG. 10: Schematic diagram 1llustrating multifunc-
tional nanoparticles for siRNA delivery.

[0032] FIG. 11: Uptake of unconjugated QDs or QDs con-
jugated with a variety of different moieties. A fluorescence
histogram shows uptake by Hel a cells of unconjugated QDs
or QDs conjugated with a variety of different moieties.

[0033] FIG. 12. Attachment of F3 peptide leads to QD
internalization 1 HelLa cells. Thiolated peptides (F3 and
KAREC control) and siRNA were conjugated to PEG-amino
QD705 particles using sulfo-SMCC. Particles were filtered to
remove excess peptide or siRNA, and incubated with Hela
cell monolayers for 4 hours. Flow cytometry indicated the F3

Dec. 24, 2009

peptide 1s required for cell entry (Panel A). The addition of
free P3 peptide inhibits F3-QD uptake, while KAREC pep-
tide does not, suggesting the F3 peptide and F3-labeled par-
ticles target the same receptor (Panel B). In Panel C, the
relationship between number of F3 peptides per QD and cell
uptake was examined. In these experiments, FI'TC-labeled
peptide was conjugated to QDs using sulfo-LC-SPDP. For
cach formulation (black circles), peptide: QD ratio was deter-
mined by measuring the QD concentration by absorbance,
then treating the conjugate with 2-mercaptoethanol, filtering,
out the QDs, and measuring the FITC fluorescence. Cell
uptake increases dramatically with peptide number, but
appears to saturate around 10-135 F3s per QD.

[0034] FIG. 13. Conjugation of siRNA to QDs with cleav-
able or non-cleavable cross-linkers. Thiol-modified siRNA
was attached to PEG-amino QDs using the water-soluble
heterobifunctional cross-linkers sulfo-SMCC and sulfo-LC-
SPDP (Panel A). The cross-link produced by SPDP 1s cleav-
able with 2-mercaptoethanol (2-ME), while the bond attained
with SMCC 1s covalent. Gel electrophoresis of the disulfide-
linked conjugates indicated that no siRNA are electrostati-
cally bound to the conjugate (Panel B). Upon treatment with
2-ME, the QD/siRNA cross-link 1s reduced and the siRNA
migrated down the gel alongside siRINA standards (Panel C).
QD/siRNA conjugates (or siRNA alone) were delivered to
EGFP-expressing HelLa cells using Lipofectamine 2000 (cat-
ionic liposome reagent). Cells were trypsinized and assayed
by flow cytometry 48 h later. Comparison with control cells
(treated with Lipofectamine alone) indicated the disulfide
bond leads to superior EGFP knockdown (% reduction in
geometric mean fluorescence) (Panel D). Comparing a dot-
plot of cells treated with Lipofectamine alone (Panel E) or
disulfide-linked QD/s1RNA (Panel F) revealed a negative cor-
relation between QD uptake and EGFP signal. Thus, the QD
label can serve as a means of quantifying siRNA delivery and
thus knockdown.

[0035] FIG. 14. Co-attachment of F3 peptide and siRNA
cargo allows EGFP knockdown upon delivery and endosome
escape. Due to a limited number of attachment sites on the
QDs, the goal of co-attachment was to maximize siRNA
loading while conjugating suificient F3 peptides to allow
internalization (>15). Varying the F3:51RINA ratio resulted 1n
a number of formulations (black circles, Panel A), with supe-
rior QDs observed using a reaction ratio of 4:1 and resulting
in ~20 F3 peptide and ~1 siRNA per QD. EGFP-expressing
HelLa cells were treated with 50 mM F3/s1RNA-QDs for four
hours and then washed with cell media. When assayed for
ogreen fluorescence 48 hours later, no knockdown was
observed (“control,” Panel B). When these cells were treated
with cationic liposomes (Lipofectamine 2000) immediately
alter removing the QDs and washing, a ~29% reduction 1n
EGFP was observed. A lower concentration of QDs (10 nM)
1s less effective (21% knockdown). Incubation with KAREC-
labeled particles followed by cationic liposomes leads to
minimal particle mternalization, and thus no knockdown.
Fluorescence imaging of cells incubated with F3/siRNA QDs
showed a reduced green fluorescence (Panel D), compared
with control cells incubated with Lipofectamine alone (Panel

0).

DEFINITIONS

[0036] Approximately: As used herein, the terms “approxi-
mately” or “about” 1n reference to a number are generally
taken to include numbers that fall within a range of 5% in
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either direction (greater than or less than) of the number
unless otherwise stated or otherwise evident from the context
(except where such number would exceed 100% of a possible
value).

[0037] Conjugated: Asused herein, the terms “conjugated,”
“linked,” and “attached,” when used with respect to two or
more moieties, means that the moieties are physically asso-
ciated or connected with one another, either directly or via
one or more additional moieties that serves as a linking agent,
to form a structure that 1s suiliciently stable so that the moi-
cties remain physically associated under the conditions 1n
which structure 1s used, e.g., physiological conditions. Typi-
cally the moieties are attached either by one or more covalent
bonds or by a mechanism that involves specific binding.
Alternately, a sufficient number of weaker interactions can
provide suilicient stability for moieties to remain physically
associated.

[0038] Invitro: As used herein, the term ““1n vitro” refers to
events that occur 1n an artificial environment, €.g., 1n a test
tube or reaction vessel, 1n cell culture, etc., rather than within
a multi-cellular organism.

[0039] In vivo: As used herein, the term “in vivo™ refers to
events that occur within a multi-cellular organism such as a
non-human animal.

[0040] Inhibit expression of a gene: As used herein, the
phrase “inhibit expression of a gene” means to cause a reduc-
tion 1n the amount of an expression product of the gene. The
expression product can be an RNA transcribed from the gene
(e.g., an mRNA) or a polypeptide translated from an mRNA
transcribed from the gene. Typically areduction inthe level of
an mRNA results in a reduction 1n the level of a polypeptide
translated therefrom. The level of expression may be deter-
mined using standard techniques for measuring mRNA or
protein.

[0041] Isolated composition: As used herein, the term “1so-
lated composition” refers to a composition present outside of
a cell.

[0042] Isolated cell: As used herein, the term *““1solated cell™
refers to a cell not contained 1n a multi-cellular organism.
[0043] Liposomes: As used herein, the term “liposomes™
refers to artificial microscopic spherical particles formed by a
lipid-containing bilayer (or multilayers) enclosing an aque-
ous compartment.

[0044] RNAI1: As used herein, the term “RNA1” refers to
sequence specific ihibition of gene expression mediated by
an at least partly double-stranded RNA molecule that con-
tains a portion that 1s substantially complementary to a target
gene (e.g., to an mRNA transcribed from the target gene).
RINA1 can occur via selective intracellular degradation of
RNA and/or by translational repression.

[0045] RNAi1agent: As used herein, the term “RINA1 agent™
refers to an at least partly double-stranded RNA molecule,
optionally including one or more nucleotide analogs or modi-
fications, having a structure characteristic of molecules that
can mediate inhibition of gene expression through an RNA1
mechanism. The RNA1 agent includes a portion that 1s sub-
stantially complementary to a target gene.

[0046] Short RNA1 agent: As used herein, the term “short
RINA1 agent” refers to an RNA1 agent containing a dsRNA
portion that 1s no greater than 50 base pairs 1n length, typically

30 base pairs or less 1n length, e.g., 17-29 base pairs 1n length.
The term “‘short RNA1 agent” includes siRNA and shRNA.

[0047] shRINA: Asused herein, the term “shRNA” refers to
an RNA1 agent consisting of a single strand that contains
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substantially complementary portions capable of hybridizing
to form a duplex structure suificiently long to mediate RNA1
(as described for siRNA duplexes), at least one single-
stranded portion that forms a loop (typically from 4 to about
11 nucleotides 1n length) connecting adjacent termini of the
duplex, and optionally an overhang. One of the portions that
forms the duplex 1s substantially complementary to a portion
of a target gene.

[0048] s1RNA: As used herein, the term “siRNA” refers an
RNA1 agent containing a duplex portion formed from two
independent strands, one of which 1s substantially comple-
mentary to a portion of a target gene over the portion that
participates in duplex formation. Typically the duplex portion
1s about 17 to 29 base pairs 1n length, e.g., 19 base pairs 1n
length. Typically one or both strands of the siRNA has a 2-3
nucleotide 3' overhang.

[0049] Specific binding: As used herein, the term “specific
binding” refers to non-covalent physical association of a first
and a second moiety wherein the association between the first
and second moieties 1s at least 100 times as strong as the
association of either moiety with most or all other moieties
present in the environment 1n which binding occurs. Binding
of two or more entities may be considered specific 1 the
equilibrium dissociation constant, K , is 107° M or less, 10~
M or less, 107® M or less, or 10~° M or less under the condi-
tions employed, e.g., under physiological conditions such as
those 1nside a cell or consistent with cell survival. Examples
of specific binding interactions include antibody-antigen
interactions, avidin-biotin interactions, hybridization
between complementary nucleic acids, eftc.

[0050] Subject: As used herein, the term “subject” refers to
any multicellular organism to which a composition of this
invention may be administered, e.g., for experimental, diag-
nostic, and/or therapeutic purposes. Typical subjects include
ammals, e.g., mammals such as mice, rats, rabbits, non-hu-
man primates, and humans.

[0051] Target gene: As used herein, the term “target gene”
refers to any gene whose expression 1s inhibited by an RNA1
agent.

[0052] Target transcript: As used herein, the term ““target
transcript” refers to any mRNA transcribed from a target
gene.

[0053] Transiection reagent: As used herein, the term

“transiection reagent” refers to any substance that enhances
the transfer or uptake of an exogenous nucleic acid 1nto a cell
when the cell 1s contacted with the nucleic acid 1n the pres-
ence of the transfection reagent. In some embodiments, trans-
fection reagents enhance the transfer of an exogenous nucleic
acid, e.g., RNA, into mammalian cells.

[0054] Unnatural amino acid: As used herein, the term
“unnatural amino acid” refers to any amino acid other than the
20 naturally-occurring amino acids found 1n naturally occur-
ring proteins, and includes amino acid analogues. In general,
any compound that can be incorporated into a polypeptide
chain can be an unnatural amino acid. In some embodiments,
such compounds have the chemical structure H,N—CHR—
CO,H. The alpha-carbon may be 1n the L-configuration, as 1n
naturally occurring amino acids, or may be 1n the D-configu-
ration.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS OF THE INVENTION

I. Overview

[0055] The present invention provides compositions and
methods for monitoring the uptake of RNA by eukaryotic
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cells. A variety of different classes of RNA molecules can be
monitored. For example, the RNA may be a short RNA1 agent
such as an siRNA that inhibits gene expression or may be a
transier RNA (tRINA) that functions in protein synthesis. In
certain embodiments of the invention, the amount of RNA
delivered to the interior of a cell serves as an indicator of the
activity of the RNA in the cell. For example, in certain
embodiments of the mnvention, RNA uptake, as determined 1n
accordance with the invention, correlates with the activity of
the RNA 1n the cell. The invention thus provides means for
tracking, monitoring, and/or measuring the activity of an
RINA 1n a eukaryotic cell.

[0056] The methods of the invention 1nvolve contacting a
cell or, more typically, a plurality of cells, with an RNA and a
detectable nanoparticle, e.g., an optically or magnetically
detectable nanoparticle. The nanoparticle has dimensions
small enough to allow it to enter the cell. Both the nanopar-
ticle and the RNA are taken up by the cell, 1.e., they are
delivered to the interior of the cell. Delivery can be achieved
in any of a number of ways as discussed further below. Fol-
lowing delivery of the RNA and the nanoparticle to the inte-
rior of the cell, the cell 1s analyzed to detect the nanoparticle.
The presence of the nanoparticle 1n the cell serves as an
indicator of the presence of the RNA 1n the cell. Optionally
the cell 1s sorted based on a property of the nanoparticle, e.g.,
an optical or magnetic property. Thus detecting the nanopar-

ticle allows 1dentification, 1solation, selection, or sorting of
cells that have taken up the RNA.

[0057] Intypical embodiments of the invention, the cell or
plurality of cells 1s contacted with a plurality of nanoparticles
comprising or consisting of nanoparticles that have one or
more substantially uniform optical and/or magnetic proper-
ties. Thus the term “nanoparticle” as used herein can refer to
either a single nanoparticle or to a population of nanoparticles
comprising or consisting of nanoparticles having one or more
substantially uniform optical and/or magnetic properties. The
optical and/or magnetic properties of the nanoparticles that
make up a population need not be 1dentical but need only be
suificiently similar so that the nanoparticles can be effectively
detected and can be distinguished from other populations of
nanoparticles, e.g., in embodiments of the mnvention in which
the cell(s) are contacted with more than one population of
nanoparticles. Typically the particles of a population having,
substantially unmiform optical or magnetic properties will be
substantially similar 1 size, shape, and/or composition.
When cells are contacted with a population of nanoparticles,
the magnitude of the signal acquired from a particular cell 1s,
on the average, indicative of the number of nanoparticles
taken up by the cell. Suitable nanoparticles include, e.g.,
quantum dots (QDs), fluorescent or luminescent nanopar-
ticles, and magnetic nanoparticles. Any optical or magnetic
property or characteristic of the nanoparticle(s) can be
detected.

[0058] Incertain embodiments of the invention, the number
ol nanoparticles taken up by the cell 1s positively correlated
with the amount of RNA taken up by the cell, 1.e., with the
number of RNA molecules taken up by the cell. In other
words, 11 the number of nanoparticles present 1n two cells 1s
compared, the cell that contains a larger number of nanopar-
ticles typically contains a larger amount of RNA. The corre-
lation between nanoparticle and RNA uptake can be linear or
non-linear and can exist over all or part of a range of nano-
particle and/or RNA concentrations to which a cell 1s
exposed. In certain embodiments of the invention, the nano-
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particle and the RNA are physically associated, so that they
are taken up together. For example, the nanoparticle and the
RNA may be associated in a complex with a transiection
reagent. In certain embodiments of the mvention, the trans-
tection reagent both enhances uptake of the nanoparticle and
the RNA by the cell and serves to physically associate the
nanoparticle and the RNA with one another.

[0059] As described in Examples 1 and 2, using the inven-
tive QD/s1RNA co-delivery technique, cellular fluorescence
was shown to correlate with level of silencing, allowing col-
lection of a uniformly silenced cell population by fluores-
cence-activated cell sorting (FACS). Importantly, the present
invention demonstrates that the presence of optically detect-
able nanoparticles such as QDs within mammalian cells does
not interfere with RNA1 even when the particles are present in
large numbers. The superior brightness and photostability of
QD probes 1n cells sustained not only FACS, but also live
imaging and immunostaining procedures. As described 1n
Example 3, with the use of two QD colors and two siRNAs,
the method was used to generate cell populations with mul-
tiplexed levels of knockdown. Example 4 shows that a
homogenously silenced cell population generated using this
method 1s essential to observing the phenotypic effects of
decreased T-cadherin protein expression on cell-cell commu-
nication between hepatocytes and non-parenchymal cells,
thus providing a sample of the wide range of biologically
relevant discoveries that are made possible by the methods of
the invention.

[0060] The following section describes a variety of RNA
molecules whose uptake by and/or activity 1n eukaryotic cells
can be monitored according to the invention. Subsequent
sections describe nanoparticles and their detection, transiec-
tion reagents, cells, and other components of the invention.

II. Functional RNAs and their Activities

[0061] The 1nvention can be used to monitor RNA mol-
ecules of a wide variety of types within cells. In certain
embodiments of the invention, the RNA 1s an RNA that does
not code for a protein but mstead belongs to a class of RNA
molecules whose members characteristically possess one or
more different functions or activities within a cell. Such
RNAs are referred to herein as “functional RNAs.” It will be
appreciated that the relative activities of fTunctional RNA mol-
ecules having different sequences may differ and may depend
at least 1n part on the particular cell type 1n which the RNA 1s
present. Thus the term “functional RNA” 1s used herein to
refer to a class of RNA molecule and 1s not intended to imply
that all members of the class will 1in fact display the activity
characteristic of that class under any particular set of condi-
tions. While the scope of RNAs whose cellular uptake and/or
activity can be monitored and tracked 1s 1n no way limited, the
invention finds particular use for tracking and monitoring the
uptake and/or activity of short RNA1 agents and tRNAs.

[0062] Asmentionedabove, RNA11san evolutionarily con-
served process 1n which presence of an at least partly double-
stranded RNA molecule 1n a eukaryotic cell leads to
sequence-speciiic mnhibition of gene expression. RNA1 was
originally described as a phenomenon in which the introduc-
tion of long dsRNA (typically hundreds of nucleotides) into a
cell results 1n degradation of mRINA containing a region
complementary to one strand of the dsRNA (U.S. Pat. No.
6,506,559 and ref. 1). Subsequent studies in Drosophila
showed that long dsRNAs are processed by an intracellular
RNase III-like enzyme called Dicer into smaller dsRNAs
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primarily comprised of two ~21 nucleotide (nt) strands that
form a 19 base pair duplex with 2 nt 3' overhangs at each end
and 5'-phosphate and 3'-hydroxyl groups (see, e.g., PCT Pub.
No. WO 01/73164; U.S. Pub. Nos. 20020086356 and
20030108923; and refs. 49-50).

[0063] Short dsRNAs having structures such as this,

referred to as siRNAs, silence expression of genes that
include a region that 1s substantially complementary to one of
the two strands. This strand 1s referred to as the “antisense” or
“ouide” strand, with the other strand often being referred to as
the “sense” strand. The siRNA 1s 1mcorporated into a ribo-
nucleoprotein complex termed the RNA-induced silencing
complex (RISC) that contains member(s) of the Argonaute
protein family. Following association of the siRNA with
RISC, a helicase activity unwinds the duplex, allowing an
alternative duplex to form the guide strand and a target mRNA
containing a portion substantially complementary to the
guide strand. An endonuclease activity associated with the
Argonaute protein(s) present in RISC 1s responsible for “slic-
ing” the target mRNA, which 1s then further degraded by
cellular machinery.

[0064] Considerable progress towards the practical appli-
cation of RNA1 was achieved with the discovery that exog-
enous 1ntroduction of siRNAs mto mammalian cells can
clfectively reduce the expression of target genes in a
sequence-specific manner via the mechanism described
above. A typical siRNA structure includes a 19 nucleotide
double-stranded portion, comprising a guide strand and an
antisense strand. Each strand has a 2 nt 3' overhang. Typically
the guide strand of the siRNA 1s perfectly complementary to
its target gene and mRNA transcript over at least 17-19 con-
tiguous nucleotides, and typically the two strands of the
siRNA are pertectly complementary to each other over the
duplex portion. However, as will be appreciated by one of
ordinary skill in the art, perfect complementarity 1s not
required. Instead, one or more mismatches in the duplex
formed by the guide strand and the target mRNA 1s often
tolerated, particularly at certain positions, without reducing,
the silencing activity below useful levels. For example, there
may be 1, 2, 3, or even more mismatches between the target
mRNA and the guide strand (disregarding the overhangs).
Thus, as used herein, two nucleic acid portions such as a guide
strand (disregarding overhangs) and a portion of a target
mRNA that are “substantially complementary” may be per-
tectly complementary (1.e., they hybridize to one another to
form a duplex 1n which each nucleotide 1s a member of a
complementary base pair) or they may have a lesser degree of
complementarity suificient for hybridization to occur. One of
ordinary skill in the art will appreciate that the two strands of
the siRNA duplex need not be perfectly complementary.
Typically at least 80%, preferably at least 90%, or more of the
nucleotides 1 the guide strand of an effective siRNA are
complementary to the target mRINA over at least about 19
contiguous nucleotides. The effect of mismatches on silenc-
ing etficacy and the locations at which mismatches may most
readily be tolerated are areas of active study (see, e.g., 53).

[0065] It will be appreciated that molecules having the
appropriate structure and degree of complementarity to a
target gene will exhibit a range of different silencing etficien-
cies. A variety of additional design criteria have been devel-
oped to assist 1n the selection of effective siIRNA sequences.
Numerous soitware programs that can be used to choose
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siIRNA sequences that are predicted to be particularly effec-
tive to silence a target gene of choice are available (see, e.g.,
51-52).

[0066] Aswill be appreciated by one of ordinary skill in the
art, RNA1 may be effectively mediated by RNA molecules
having a variety of structures that differ in one or more
respects from that described above. For example, the length of
the duplex can be varied (e.g., from about 17-29 nucleotides);
the overhangs need not be present and, 1f present, their length
and the 1dentity of the nucleotides in the overhangs can vary
(though most commonly symmetric dTdT overhangs are
employed 1n synthetic siRNAs).

[0067] Additional structures, referred to as short hairpin
RNAs (shRNAs), are capable of mediating RNA interference.
An shRNA 1s a single RNA strand that contains two comple-
mentary regions that hybridize to one another to form a
double-stranded “stem,” with the two complementary regions
being connected by a single-stranded loop. shRNAs are pro-
cessed 1ntracellularly by Dicer to form an siRNA structure
containing a guide strand and an antisense strand. While
shRNAs can be delivered exogenously to cells, more typi-
cally mtracellular synthesis of shRNA 1s achieved by intro-
ducing a plasmid or vector containing a promoter operably
linked to a template for transcription of the shRNA 1nto the
cell, e.g., to create a stable cell line or transgenic organism.

[0068] While sequence-specific cleavage of target mRNA
1s currently the most widely used means of achieving gene
silencing by exogenous delivery of short RNA1 agents to
cells, additional mechanisms of sequence-specific silencing
mediated by short RNA species are known. For example,
post-transcriptional gene silencing mediated by small RNA
molecules can occur by mechanisms mnmvolving translational
repression. Certain endogenously expressed RNA molecules
form hairpin structures containing an imperfect duplex por-
tion 1n which the duplex 1s interrupted by one or more mis-
matches and/or bulges. These hairpin structures are processed
intracellularly to vield single-stranded RNA species referred
to as known as microRNAs (miRNAs), which mediate trans-
lational repression of a target transcript to which they hybrid-
1ze with less than perfect complementarity. siRNA-like mol-
ecules designed to mimic the structure of miRNA precursors
have been shown to result 1n translational repression of target
genes when admimistered to mammalian cells.

[0069] Thus the exact mechanism by which a short RNA1
agent mnhibits gene expression appears to depend, at least 1n
part, on the structure of the duplex portion of the RNA1 agent
and/or the structure of the hybrid formed by one strand of the
RINA1 agent and a target transcript. RNA1 mechanisms and
the structure of various RNA molecules known to mediate
RNA1, e.g., siRNA, shRNA, miRNA and their precursors,
have been extensively reviewed (see, e.g., 54-56). It 1s to be
expected that future developments will reveal additional
mechanisms by which RNA1 may be achieved and will reveal
additional effective short RNA1 agents. Any currently known
or subsequently discovered short RNA1 agents are within the
scope of the present invention.

[0070] A short RNA1agent thatis tracked and/or monitored
according to the methods of the invention and/or 1s present 1n
a composition ol the invention may be designed to silence any
cukaryotic gene. The gene can be a mammalian gene, e.g., a
human gene. The gene can be a wild type gene, a mutant gene,
an allele of a polymorphic gene, etc. The gene can be disease-
associated, e.g., a gene whose over-expression, under-expres-
sion, or mutation 1s associated with or contributes to devel-
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opment or progression of a disease. For example, the gene can
be oncogene. The gene can encode a receptor or putative
receptor for an infectious agent such as a virus (see, e.g., ref.
54 for specific examples).

[0071] In some embodiments, tRNAs are functional RNA
molecules whose delivery to eukaryotic cells can be moni-
tored using the compositions and methods of the invention.

The structure and role of tRNAs 1n protein synthesis 1s well
known (Soll and Rajbhandary, (eds.) tRNA: Structure, Bio-

synthesis, and Function, ASM Press, 1995). The cloverleaf
shape of tRNAs includes several double-stranded “‘stems”
that arise as a result of formation of intramolecular base pairs
between complementary regions of the single tRNA strand.
There 1s considerable interest in the synthesis of polypeptides
that incorporate unnatural amino acids such as amino acid
analogs or labeled amino acids at particular positions within
the polypeptide chain (see, e.g., Kéhrer and RajBhandary,
“Proteins carrying one or more unnatural amino acids,” Chap-
ter 33, In Ibba et al., (eds.), Aminoacyl-tRNA Synthetases,
Landes Bioscience, 2004). One approach to synthesizing
such polypeptides 1s to deliver a suppressor tRNA that 1s
aminoacylated with an unnatural amino acid to a cell that
expresses an mRNA that encodes the desired polypeptide but
includes a nonsense codon at one or more positions. The
nonsense codon 1s recognized by the suppressor tRNA,
resulting 1n mcorporation of the unnatural amino acid into a
polypeptide encoded by the mRNA (48, 57). However, as in
the case of siRNA delivery, existing methods of delivering
tRNAs to cells result 1in variable levels of delivery, compli-
cating efforts to analyze such proteins and their effects on
cells.

[0072] The mvention contemplates the delivery of tRNAs,
e.g., suppressor tRINAs, and optically or magnetically detect-
able nanoparticles to eukaryotic cells 1n order to track and
monitor tRNA uptake and/or to track and monitor the synthe-
s1s of proteins that incorporate an unnatural amino acid with
which the tRNA 1s aminoacylated. The analysis of proteins
that incorporate one or more unnatural amino acids has a wide
variety of applications. For example, incorporation of amino
acids modified with detectable (e.g., fluorescent) moieties
can allow the study of protein trafficking, secretion, etc., with
mimmal disturbance to the native protein structure. Alterna-
tively or additionally, incorporation of reactive moieties (e.g.,
photoactivatable and/or cross-linkable groups) can be used to
identily protein interaction partners and/or to define three-
dimensional structural motifs. Incorporation of phosphory-
lated amino acids such as phosphotyrosine, phosphothreo-
nine, or phosphoserine, or analogs thereot, into proteins can
be used to study cell signaling pathways and requirements.

[0073] In one embodiment of the invention, the functional
RNA 1s a ribozyme.

[0074] RNAs such as RNA1 agents, tRNAs, ribozymes,
etc., for delivery to eukaryotic cells may be prepared accord-
ing to any available technique including, but not limited to
chemical synthesis, enzymatic synthesis, enzymatic or
chemical cleavage of a longer precursor, etc. Methods of
synthesizing RNA molecules are known 1n the art (see, e.g.,
Gait, M. J. (ed.) Oligonucleotide synthesis: a practical
approach, Oxiord [Oxiordshire], Washington, D.C.: IRL
Press, 1984; and Herdewnn, P. (ed.) Oligonucleotide synthe-
sis: methods and applications, Methods in molecular biology,
v. 288 (Clifton, N.J.) Totowa, N.J.: Humana Press, 2005).
Short RNA1 agents such as siRNAs are commercially avail-
able from a number of different suppliers. Pre-tested siRNAs
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targeted to a wide variety of different genes are available, e.g.,
from Ambion (Austin, Tex.), Dharmacon (Lafayette, Colo.),
Sigma-Aldrich (St. Lows, Mo.).

[0075] When siRNAs are synthesized in vitro the two
strands are typically allowed to hybridize before contacting
them with cells. It will be appreciated that the resulting
siRNA composition need not consist entirely of double-
stranded (hybridized) molecules. For example, an RNA1
agent commonly includes a small proportion of single-
stranded RNA. Generally, at least approximately 50%, at
least approximately 90%, at least approximately 95%, or even
at least approximately 99-100% of the RNAs in an siRNA
composition are double-stranded when contacted with cells.
However, a composition containing a lower proportion of

dsRNA may be used, provided that 1t contains sufficient
dsRINA to be effective.

[0076] Itwill beappreciated by those of ordinary skill inthe
art that synthetic RNAs such as RNA1 agents may comprise
nucleotides entirely of the types found 1n naturally occurring
nucleic acids, or may instead include one or more nucleotide
analogs or have a structure that otherwise differs from that of
a naturally occurring nucleic acid. U.S. Pat. Nos. 6,403,779;
6,399,734, 6,225,460; 6,127,533; 6,031,086; 6,005,087;
5,977,089; and references therein disclose a wide variety of
specific nucleotide analogs and modifications that may be
used 1 a functional RNA. See Crooke, S. (ed.) Antisense
Drug Technology: Principles, Strategies, and Applications
(1°° ed), Marcel Dekker; ISBN: 0824705661; 1st edition
(2001) and references therein. For example, 2'-modifications
include halo, alkoxy and allyloxy groups. In some embodi-
ments, the 2'-OH group 1s replaced by a group selected from
H, OR, R, halo, SH, SR, NH,, NH,, NR, or CN, wherein R
1s C,-C, alkyl, alkenyl or alkynyl and halo 1s F, Cl, Br or I.
Examples ol modified linkages include phosphorothioate and
S'-N-phosphoramidite linkages.

[0077] Nucleic acids containing a variety of different
nucleotide analogs, modified backbones, or non-naturally
occurring internucleoside linkages can effectively mediate
RINA1 provided that they have contain a guide strand with a
nucleobase sequence that 1s sufficiently complementary to
the target gene. In some cases, RNA1 agents containing such
modifications display improved properties relative to nucleic
acids consisting only of naturally occurring nucleotides. For
example, the structure of an siRNA may be stabilized by
including nucleotide analogs at the 3' end of one or both
strands order to reduce digestion, e.g., by exonucleases.

[0078] Modified nucleic acids need not be uniformly modi-
fied along the entire length of the molecule. Different nucle-
otide modifications and/or backbone structures may exist at
various positions in the nucleic acid. One of ordinary skill in
the art will appreciate that the nucleotide analogs or other
modification(s) may be located at any position(s) of an RNA1
agent such that the target-specific silencing activity 1s not
substantially affected. The modified region may be at the
S'-end and/or the 3'-end of one or both strands. For example,
modified siRNAs 1n which ~1-5 residues at the 5' and/or 3'
end of eirther of both strands are nucleotide analogs and/or
have a backbone modification have been employed. The
modification may be a 3' or 3' terminal modification. One or
both nucleic acid strands of an active RNA1 agent may com-

prise at least 50% unmodified RNA, at least 80% modified
RNA, at least 90% unmodified RNA, or 100% unmodified
RNA. In certain embodiments of the invention, one or more of
the nucleic acids 1n an RNA1 agent comprises 100% unmodi-
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fied RNA within the portion of the guide strand that partici-
pates 1n duplex formation with a target nucleic acid.

[0079] RNA1agents may, for example, contain a modifica-
tion to a sugar, nucleoside, or mnternucleoside linkage such as
those described in U.S. Pub. Nos. 2003/0175950, 2004/
0192626, 2004/0092470, 2005/0020525, and 2005/0032733.
Studies describing the effect of a variety of different siRNA
modifications have been reviewed (see ref. 18). The present
invention encompasses the use of an RNA1 agent having any
one or more ol the modification described therein. For
example, a number of terminal conjugates, e.g., lipids such as
cholesterol, lithocholic acid, aluric acid, or long alkyl
branched chains have been reported to improve cellular
uptake. Analogs and modifications may be tested using, e.g.,
using assays such as Western blots, immunofluorescence, or
any appropriate assay known in the art, 1n order to select those
that effectively reduce expression of target genes and/or result
in 1improved stability, uptake, eftc.

IT1I. Nanoparticles and Detection Methods

[0080] A variety of different nanoparticles are of use 1n the
invention. In general, the nanoparticles have detectable opti-
cal and/or magnetic properties, though nanoparticles that
may be detected by other approaches could be used. An
optically detectable nanoparticle 1s one that can be detected
within a living cell using optical means compatible with cell
viability. Optical detection 1s accomplished by detecting the
scattering, emission, and/or absorption of light that falls
within the optical region of the spectrum, 1.e., that portion of
the spectrum extending from approximately 180 nm to sev-
eral microns. Optionally a sample containing cells 1s exposed
to a source of electromagnetic energy. In some embodiments
ol the invention, absorption of electromagnetic energy (e.g.,
light of a given wavelength) by the nanoparticle or a compo-
nent thereof 1s followed by the emission of light at longer
wavelengths, and the emitted light 1s detected. In some
embodiments, scattering of light by the nanoparticles is
detected. In certain embodiments of the mvention, light fall-
ing within the visible portion of the electromagnetic spec-
trum, 1.€., the portion of the spectrum that 1s detectable by the
human eye (approximately 400 nm to approximately 700 nm)
1s detected. In some embodiments of the invention, light that
talls within the infrared or ultraviolet region of the spectrum
1s detected.

[0081] The optical property can be a feature of an absorp-
tion, emission, or scattering spectrum or a change 1n a feature
ol an absorption, emission, or scattering spectrum. The opti-
cal property can be a visually detectable feature such as, for
example, color, apparent size, or visibility (1.e. simply
whether or not the particle 1s visible under particular condi-
tions). Features of a spectrum include, for example, peak
wavelength or frequency (wavelength or frequency at which
maximum emission, scattering intensity, extinction, absorp-
tion, etc. occurs), peak magnitude (e.g., peak emission value,
peak scattering intensity, peak absorbance value, etc.), peak
width at half height, or metrics derived from any of the fore-
going such as ratio of peak magnitude to peak width. Certain
spectra may contain multiple peaks, of which one 1s typically
the major peak and has significantly greater intensity than the
others. Each spectral peak has associated features. Typically,
for any particular spectrum, spectral features such as peak
wavelength or frequency, peak magnitude, peak width at half
height, etc., are determined with reference to the major peak.
The features of each peak, number of peaks, separation
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between peaks, etc., can be considered to be features of the
spectrum as a whole. The foregoing features can be measured
as a function of the direction of polarization of light 1llumi-
nating the particles; thus polarization dependence can be
measured. Features associated with hyper-Rayleigh scatter-
ing can be measured. Fluorescence detection can include
detection of tluorescence modes.

[0082] Intrinsically fluorescent or luminescent nanopar-
ticles, nanoparticles that comprise fluorescent or luminescent
moieties, plasmon resonant nanoparticles, and magnetic
nanoparticles are among the detectable nanoparticles that are
used 1n various embodiments of the invention. Such particles
can have a variety of different shapes including spheres,
oblate spheroids, cylinders, shells, cubes, pyramids, rods
(e.g., cylinders or elongated structures having a square or
rectangular cross-section), tetrapods (particles having four
leg-like appendages), triangles, prisms, etc. In general, the
nanoparticles should have dimensions small enough to allow
their uptake by eukaryotic cells. Typically the nanoparticles
have a longest straight dimension (e.g., diameter) of 200 nm
or less. In some embodiments, the nanoparticles have a diam-
cter of 100 nm or less. Smaller nanoparticles, e.g., having
diameters of 50 nm or less, e.g., 5-30 nm, are used 1 some
embodiments of the invention. In some embodiments, the
term “‘nanoparticle” encompasses atomic clusters, which
have a typical diameter of 1 nm or less and generally contain
from several (e.g., 3-4) up to several hundred atoms.

[0083] The nanoparticles can be solid or hollow and can
comprise one or more layers (e.g., nanoshells, nanorings).
They may have a core/shell structure, wherein the core(s) and
shell(s) can be made of different materials. In certain embodi-
ments of the invention, they are composed of either gradient
or homogeneous alloys. In certain embodiments of the inven-
tion, the nanoparticles are composite particles made of two or
more materials, of which one, more than one, or all of the
materials possesses an optically or magnetically detectable
property.

[0084] It 1s often desirable to use a population of nanopar-
ticles that 1s relatively uniform 1n terms of size, shape, and/or
composition so that each particle has similar properties, e.g.,
similar optical or magnetic properties. For example, at least
80%, at least 90%, or at least 95% of the particles may have a
diameter or longest straight line dimension that falls within

3%, 10%, or 20% of the average diameter or longest straight
line dimension.

[0085] In certain embodiments of the invention, one or
more substantially uniform populations of particles 1s used,
e.g., 2, 3, 4, 5, or more substantially uniform populations
having distinguishable optical and/or magnetic properties.
Each population of particles 1s associated with an RNA. Use
of multiple distinguishable particle populations allows track-
ing of multiple ditferent RNA species concurrently. It will be
appreciated that a combination of two or more populations
having distinguishable properties can be considered to be a
single population. It will further be appreciated that combin-
ing two or more populations of particles 1n different ratios can
expand the range of coding possibilities (see, e.g., (26). The
present invention encompasses any suitable means of relating
the 1dentity of an RNA to a population of nanoparticles such
that detecting the nanoparticles 1n a cell 1s indicative of the
presence of the RNA 1n a cell.

[0086] Nanoparticles comprising one or more optically or
magnetically detectable materials may have a coating layer.
Use of a biocompatible coating layer can be advantageous,
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¢.g., 1I the particles contain materials that are toxic to cells.
Suitable coating materials include, but are not limited to,
proteins such as bovine serum albumin (BSA), polyethylene
glycol (PEG) or a PEG denvative, phospholipid-(PEG),
silica, lipids, carbohydrates such as dextran, etc. Coatings
may be applied or assembled 1n a variety of ways such as by
dipping, using a layer-by-layer technique, by self-assembly,
etc. Self-assembly refers to a process of spontaneous assem-
bly of a higher order structure that relies on the natural attrac-
tion of the components of the higher order structure (e.g.,
molecules) for each other. It typically occurs through random
movements of the molecules and formation of bonds based on
s1ze, shape, composition or chemical properties.

[0087] In certain embodiments of the invention, the nano-
particles are quantum dots (QDs). QDs are bright, fluorescent
nanocrystals with physical dimensions small enough such
that the effect of quantum confinement gives rise to unique
optical and electronic properties. Semiconductor QDs are
often composed of atoms from groups II-VI or I1I-V 1n the
periodic table, but other compositions are possible (see, e.g.,
ref. 58, describing gold (QDs). By varying their size and
composition, the emission wavelength can be tuned (i.e.,
adjusted 1n a predictable and controllable manner) from the
blue to the near infrared. QDs generally have a broad absorp-
tion spectrum and a narrow emission spectrum. Thus different
QDs having distinguishable optical properties (e.g., peak
emission wavelength) can be excited using a single source.
(QDs are brighter than most conventional fluorescent dyes by
approximately 10-fold (22, 27) and have been significantly
casier to detect than GFP among background autofluores-
cence 1in vivo (27). Furthermore, QDs are far less susceptible
to photobleaching, fluorescing more than 20 times longer
than conventional fluorescent dyes under continuous mercury
lamp exposure (28).

[0088] Dsand methods for their synthesis are well known
in the art (see, e.g., U.S. Pat. Nos. 6,322,901; 6,576,291; and
6,8135,064). QDs can be rendered water soluble by applying
coating layers comprising a variety of different materials
(see, e.g., U.S. Pat. Nos. 6,423,551; 6,251,303; 6,319,426;
6,426,513; 6,444,143; and 6,649,138). For example, QDs can
be solubilized using amphiphilic polymers. Exemplary poly-
mers that have been employed include octylamine-modified
low molecular weight polyacrylic acid, polyethylene-glycol
(PEG)-dertvatized phospholipids, polyanhydrides, block
copolymers, etc. (27). QDs can be conjugated with a variety
of different biomolecules such as nucleic acids, polypeptides,
antibodies, streptavidin, lectins, and polysaccharides, e.g.,
via any of a number of different functional groups or linking
agents that can be directly or indirectly linked to a coating
layer (see, e.g., U.S. Pat. Nos. 35,990,479; 6,207,392, 6,231,
303; 6,306,610; 6,325,144; and 6,423,551).

[0089] The inventors and others have shown that QDs can
be rendered non-cytotoxic (25) and innocuous to normal cell
physiology and common cellular assays, such as immun-
ostaining and reporter gene expression (26). For example,
QDs can be coated with PEG as described 1n Example 1 (see
ref. 28). In one embodiment, (QDs are encapsulated with a
high molecular weight ABC triblock copolymer (27). Fea-
tures and uses of QDs, optionally modified with affinity
agents such as antibodies, have been reviewed (see, e.g., ref.
59-60). QDs with a wide variety of absorption and emission
spectra are commercially available, e.g., from Quantum Dot
Corp. (Hayward Calif.; now owned by Invitrogen) or from
Evident Technologies (Troy, N.Y.). For example, QDs having
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peak emission wavelengths of approximately 525, 535, 545,
565, 585, 603, 655, 705, and 800 nm are available. Thus the
(QDs can have a range of different colors across the visible
portion of the spectrum and 1n some cases even beyond.

[0090] Fluorescence or luminescence can be detected using
any approach known 1in the art including, but not limited to,
spectrometry, fluorescence microscopy, flow cytometry, etc.
Spectrofluorometers and microplate readers are typically
used to measure average properties of a sample while fluo-
rescence microscopes resolve tluorescence as a function of
spatial coordinates in two or three dimensions for micro-
scopic objects (e.g., less than ~0.1 mm diameter). Micro-
scope-based systems are thus suitable for detecting and
optionally quantitating nanoparticles iside individual cells.

[0091] Flow cytometry measures properties such as light
scattering and/or fluorescence on individual cells 1n a flowing
stream, allowing subpopulations within a sample to be 1den-
tified, analyzed, and optionally quantitated (see, e.g.,
Mattheakis et al., 2004, Analvtical Biochemistry, 327:200).
Multiparameter flow cytometers are available. In certain
embodiments of the invention, laser scanning cytometery 1s
used (77). Laser scanning cytometry can provide equivalent
data to a tlow cytometer but 1s typically applied to cells on a
solid support such as a slide. It allows light scatter and fluo-
rescence measurements and records the position of each mea-
surement. Cells of interest may be re-located, visualized,
stained, analyzed, and/or photographed. Laser scanning

cytometers are available, e.g., from CompuCyte (Cambridge,
Mass.).

[0092] Incertain embodiments ofthe invention, an imaging
system comprising an epifluorescence microscope equipped
with a laser (e.g., a 488 nm argon laser) for excitation and
appropriate emission {ilter(s) 1s used. The filters should allow
discrimination between different populations of nanopar-
ticles used in the particular assay. For example, 1n one
embodiment, the microscope 1s equipped with fifteen 10 nm
bandpass filters spaced to cover portion of the spectrum
between 520 and 660 nm, which would allow the detection of
a wide variety of different fluorescent particles. Fluorescence
spectra can be obtained from populations of nanoparticles
using a standard UV/visible spectrometer.

[0093] In certain embodiments of the imvention, the opti-
cally detectable nanoparticles are metal nanoparticles. Metals
ol use in the nanoparticles include, but are not limited to, gold,
silver, 1ron, cobalt, zinc, cadmium, nickel, gadolinium, chro-
mium, copper, manganese, palladium, tin, and alloys thereof.
Oxides of any of these metals can be used.

[0094] Noble metals (e.g., gold, silver, copper, platinum,
palladium) are preferred for plasmon resonant particles,
which are discussed 1n further detail below. For example,
gold, silver, or an alloy comprising gold, silver, and option-
ally one or more other metals can be used. Core/shell particles
(e.g., having a silver core with an outer shell of gold, or vice
versa) can be used. Particles containing a metal core and a
nonmetallic 1norganic or organic outer shell, or vice versa,
can be used. In certain embodiments, the nonmetallic core or
shell comprises or consists of a dielectric material such as
silica. Composite particles in which a plurality of metal par-
ticles are embedded or trapped 1n a nonmetal (e.g., a polymer
or a silica shell) may be used. Hollow metal particles (e.g.,
hollow nanoshells) having an interior space or cavity are used
in some embodiments. In some embodiments, a nanoshell
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comprising two or more concentric hollow spheres 1s used.
Such a nanoparticle optionally comprises a core, €.g., made of
a dielectric material.

[0095] Incertain embodiments of the mnvention, at least 1%,
or typically at least 5% of the mass or volume of the particle
or number of atoms in the particle 1s contributed by metal
atoms. In certain embodiments of the invention, the amount
ol metal 1n the particle, or 1n a core or coating layer compris-
ing a metal, ranges from approximately 5% to 100% by mass,
volume, or number of atoms, or can assume any value or
range between S and 100%.

[0096] Certain metal nanoparticles, referred to as plasmon
resonant particles, exhibit the well known phenomenon of
plasmon resonance. When a metal nanoparticle (usually
made of a noble metal such as gold, silver, copper, platinum,
etc.) 1s subjected to an external electric field, 1ts conduction
clectrons are displaced from their equilibrium positions with
respect to the nuclei, which 1n turn exert an attractive, restor-
ing force. IT the electric field 1s oscillating (as 1n the case of
clectromagnetic radiation such as light), the result 1s a collec-
tive oscillation of the conduction electrons 1n the nanopar-
ticle, known as plasmon resonance (68-70). The plasmon
resonance phenomenon results in extremely efficient wave-
length-dependent scattering and absorption of light by the
particles over particular bands of frequencies, often in the
visible range. Scattering and absorption give rise to a number
of distinctive optical properties that can be detected using
various approaches including visually (1.¢., by the naked eye
or using appropriate microscopic techmniques) and/or by
obtaining a spectrum, €.g., a scattering spectrum, extinction
(scattering+absorption) spectrum, or absorption spectrum
from the particle(s).

[0097] The features of the spectrum of a plasmon resonant
particle (e.g., peak wavelength) depend on a number of fac-
tors, including the particle’s material composition, the shape
and size of the particle, the refractive index or dielectric
properties of the surrounding medium, and the presence of
other particles 1n the vicinity. Selection of particular particle
shapes, sizes, and compositions makes 1t possible to produce
particles with a wide range of distinguishable optically
detectable properties thus allowing for concurrent detection
of multiple RNAs by using particles with different properties
such as peak scattering wavelenth.

[0098] Single plasmon resonant nanoparticles of sufficient
size can be individually detected using a variety of
approaches. For example, particles larger than about 30 nm 1n
diameter are readily detectable under an optical microscope
operating 1n dark-field. A spectrum from these particles can
be obtained, e.g., using a CCD detector or other optical detec-
tion device. Despite their small dimensions relative to the
wavelength of light, metal nanoparticles can be detected opti-
cally because they scatter light very efficiently at their plas-
mon resonance frequency. An 80 nm particle, for example,
would be millions of times brighter than a fluorescein mol-
ecule under the same 1llumination conditions (69). Individual
plasmon resonant particles can be optically detected using a
variety of approaches including near-field scanning optical
microscopy, differential interference microscopy with video
enhancement, total iternal reflection microscopy, photo-
thermal interference contrast, etc. For measurements on a
population of cells, a standard spectrometer, e.g., equipped
for detection of UV, visible, and/or infrared light, can be used.
In certain embodiments of the imnvention, nanoparticles are
optically detected with the use of surface-enhanced Raman
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scattering (SERS) (71). Optical properties of metal nanopar-
ticles and methods for synthesis of metal nanoparticles have

been reviewed (72, 73).

[0099] Certain lanthanide 1on-doped nanoparticles exhibit
strong fluorescence and are of use 1n certain embodiments of
the invention. A variety of different dopant molecules can be
used. For example, fluorescent europium-doped yttrium
vanadate (Y VO, ) nanoparticles have been produced (74).
These nanoparticles may be synthesized in water and are
readily functionalized with biomolecules.

[0100] Magnetic nanoparticles are of use 1n the ivention.
“Magnetic particles” refers to magnetically responsive par-
ticles that contain one or more metals or oxides or hydroxides
thereof. Such particles typically react to magnetic force
resulting from a magnetic field. The field can attract or repel
the particle towards or away from the source of the magnetic
field, respectively, optionally causing acceleration or move-
ment 1n a desired direction 1n space. A magnetically detect-
able nanoparticle 1s a magnetic particle that can be detected
within a living cell as a consequence of 1ts magnetic proper-
ties. Magnetic particles may comprise one or more ferrimag-
netic, ferromagnetic, paramagnetic, and/or superparamag-
netic materials. Usetul particles may be made entirely or in
part of one or more materials selected from the group con-
s1sting of: 1ron, cobalt, nickel, niobium, magnetic 1ron oxides,
hydroxides such as maghemite (y-Fe,O,), magnetite (Fe,O,),
teroxyhyte (FeO(OH)), double oxides or hydroxides of two-
or three-valent 1ron with two- or three-valent other metal 10ns
such as those from the first row of transition metals such as
Co(II), Mn(II), Cu(Il), Ni(1l), Cr{Il), Gd(III), Dy(III),
Sm(III), mixtures of the afore-mentioned oxides or hydrox-
ides, and mixtures of any of the foregoing. See, e.g., U.S. Pat.
No. 3,916,539 for suitable synthesis methods for certain of
these particles. Additional materials that may be used 1n mag-
netic particles include yttrium, europium, and vanadium.

[0101] A magnetic particle may contain a magnetic mate-
rial and one or more nonmagnetic materials, which may be a
metal or anonmetal. In certain embodiments of the invention,
the particle 1s a composite particle comprising an inner core or
layer contaiming a first material and an outer layer or shell
containing a second material, wherein at least one of the
materials 1s magnetic. Optionally both of the materials are
metals. In one embodiment, the nanoparticle 1s an iron oxide
nanoparticle, e.g., the particle has a core of 1ron oxide.
Optionally the 1iron oxide 1s monocrystalline. In one embodi-
ment, the nanoparticle 1s a superparamagnetic 1ron oxide
nanoparticle, e.g., the particle has a core of superparamag-
netic 1rron oxide.

[0102] Detection of magnetic nanoparticles may be per-
formed using any method known 1n the art. For example, a
magnetometer or a detector based on the phenomenon of
magnetic resonance (NMR ) can be employed. Superconduct-
ing quantum interference devices (SQUID), which use the
properties ol electron-pair wave coherence and Josephson
junctions to detect very small magnetic fields can be used.
Magnetic force microscopy or handheld magnetic readers can
be used. U.S Pub. No. 2003/009029 describes various suit-
able methods. Magnetic resonance microscopy olfers one
approach (75).

[0103] In certain embodiments of the mvention, the nano-
particle comprises a bulk material that 1s not intrinsically
fluorescent, luminescent, plasmon resonant, or magnetic. The
nanoparticle comprises one or more tluorescent, luminescent,
or magnetic moieties. For example, the nanoparticle may
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comprise QDs, fluorescent or luminescent organic molecules,
or smaller particles of a magnetic material. In some embodi-
ments, an optically detectable moiety such as a fluorescent or
luminescent dye, etc., 1s entrapped, embedded, or encapsu-
lated by a nanoparticle core and/or coating layer.

[0104] In certain embodiments of the invention, the nano-
particle comprises silica (S10,). For example, the nanopar-
ticle may consist at least 1n part of silica, e.g., 1t may consist
essentially of silica or may have an optional coating layer
composed of a different material. In some embodiments, the
particle has a silica core and an outside layer composed of one
or more other materials. In some embodiments, the particle
has an outer layer of silica and a core composed of one or
more other materials. The amount of silica in the particle, or
in a core or coating layer comprising silica, can range from
approximately 5% to 100% by mass, volume, or number of

atoms, or can assume any value or range between 5% and
100%.

[0105] Silica-containing nanoparticles may be made by a
variety of methods. Certain of these methods utilize the Sto-
ber synthesis which mvolves hydrolysis of tetracthoxyortho-
silicate (TEOS) catalyzed by ammonia in water/ethanol mix-
tures, or variations thereof. Microemulsion procedures can be
used. For example, a water-in-o1l emulsion 1n which water
droplets are dispersed as nanosized liquid entities 1n a con-
tinuous domain of o1l and surfactants and serve as nanoreac-
tors for nanoparticle synthesis offer a convenient approach.
Silica nanoparticles can be functionalized with biomolecules
such as polypeptides and/or “doped” or “loaded” with certain

inorganic or organic fluorescent dyes (see, e.g., U.S. Pub. No.
2004/0067503 and refs. 61-65).

[0106] Incertain embodiments of the invention, the particle
1s made at least 1n part of a porous material, by which 1s meant
that the material contains many holes or channels, which are
typically small compared with the size of the particle. For
example the particle may be a porous silica nanoparticle, e.g.,
a mesoporous silica nanoparticle or may have a coating of
mesoporous silica (63). The particles may have pores ranging
in diameter from about 1 nm to about 50 nm in diameter, e.g.,
between about 1 and 20 nm 1n diameter. Between about 20%
and 95% of the volume of the particle may consist of empty
space within the pores or channels.

[0107] In some embodiments of the invention, a nanopar-
ticle composed in part or essentially consisting of an organic
polymer 1s used. A wide variety of organic polymers and
methods for forming nanoparticles therefrom are known in
the art. For example, particles composed at least in part of
polymethylmethacrylate, polyacrylamide, poly(vinyl chlo-
ride), carboxylated poly(vinyl chloride), or poly(vinyl chlo-
ride-co-vinyl acetate-co-vinyl alcohol) may be used. Option-
ally the nanoparticle comprises one or more plasticizers or
additives. Co-polymers, block co-polymers, and/or grafted
co-polymers can be used.

[0108] Fluorescent and luminescent moieties include a
variety of different organic or inorganic small molecules
commonly referred to as “dyes,” “labels,” or “indicators.”
Examples include fluorescein, rhodamine, acridine dyes,
Alexa dyes, cyanine dyes, etc. Fluorescent and luminescent
moieties may include a variety of naturally occurring proteins
and derivatives thereol, e.g., genetically engineered variants.
For example, fluorescent proteins include green fluorescent
protein (GFP), enhanced GFP, red, blue, yellow, cyan, and
sapphire fluorescent proteins, reetf coral fluorescent protein,
etc. Luminescent proteins include luciferase, aequorin and
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derivatives thereof. Numerous fluorescent and luminescent
dyes and proteins are known in the art (see, e.g., Valeur, B.,

“Molecular Fluorescence: Principles and Applications,” John
Wiley and Sons, 2002, Handbook of Fluorescent Probes and

Research Products, Molecular Probes, 9” edition, 2002: and
The Handbook—A Guide to Fluovescent Probes and Label-
ing Technologies, Invitrogen, 10” edition, available at the
Invitrogen web site).

[0109] In certain embodiments of the mvention, the nano-
particle and the RNA are physically associated. Physical
association can be achieved 1n a variety of different ways. The
physical association may be covalent or non-covalent. The
nanoparticle and the RNA may be directly linked to one
another, e.g., by one or more covalent bonds, or may be linked
by means of one or more linking agents. In one embodiment,
the linking agent forms one or more covalent or non-covalent
bonds with the nanoparticle and one or more covalent or
non-covalent bonds with the RNA, thereby attaching them to
one another. In some embodiments, a first linking agent forms
a covalent or non-covalent bond with the nanoparticle and a
second linking agent forms a covalent or non-covalent bond
with the RNA. The two linking agents form one or more
covalent or non-covalent bond(s) with each other. In some
embodiments of the invention, the linkage to the nanoparticle
will be to the material that forms a coating layer.

[0110] Insomeembodiments of the invention, the nanopar-
ticle, the RNA, or both are linked to one or more additional
moieties. The additional moiety can be a biomolecule such as
a polypeptide, nucleic acid, polysaccharide, etc. Exemplary
moieties include targeting agents (e.g., polypeptides that bind
to a cell surface marker such as a cell surface receptor, trans-
location peptides, fusogenic or endosome disrupting pep-
tides, etc.). The terms “polypeptide” and “peptide” are used
interchangeably herein, with “peptide” typically referring to
a polypeptide having a length of less than about 50 amino
acids. Polypeptides may contain L-amino acids, D-amino
acids, or both and may contain any of a variety of amino acid
modifications or analogs known 1n the art. Useful modifica-
tions include, e.g., terminal acetylation, amidation, etc.

[0111] A vanety of methods can be used to attach a bio-
molecule such as an RNA or polypeptide to a nanoparticle.
General strategies include passive adsorption (e.g., via elec-
trostatic 1nteractions), multivalent chelation, high affinity
non-covalent binding between members of a specific binding
pair, covalent bond formation, etc. (67).

[0112] A bifunctional cross-linking reagent can be
employed. Such reagents contain two reactive groups,
thereby providing a means of covalently linking two target
groups. The reactive groups 1 a chemical cross-linking
reagent typically belong to various classes of functional
groups such as succinimidyl esters, maleimides, and
pyridyldisulfides. Exemplary cross-linking agents include,
¢.g., carbodumides, N-hydroxysuccinimidyl-4-azidosali-
cylic acid (NHS-ASA), dimethyl pimelimidate dihydrochlo-
ride (DMP), dimethylsuberimidate (DMS), 3,3'-dithiobispro-
pionimidate (DTBP), etc. For example, carbodiimide-
mediated amide formation and active ester maleimide-
mediated amine and sulthydryl coupling are widely used
approaches.

[0113] Common schemes for forming a conjugate involve
the coupling of an amine group on one molecule to a thiol
group on a second molecule, sometimes by a two- or three-
step reaction sequence. A thiol-containing molecule may be
reacted with an amine-containing molecule using a heterobi-
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functional cross-linking reagent, e.g., a reagent containing
both a succinimidyl ester and either a maleimide, a pyridyld-
isulfide, or an 1odoacetamide. Amine-carboxylic acid and
thiol-carboxylic acid cross-linking, maleimide-sulthydryl
coupling chemistries (e.g., the maletmidobenzoyl-N-hydrox-
ysuccinimide ester (MBS) method), etc., may be used.
Polypeptides can conveniently be attached to nanoparticles
via amine or thiol groups 1n lysine or cysteine side chains
respectively, or by an N-terminal amino group. Nucleic acids
such as RNAs can be synthesized with a terminal amino
group. As described in Example 6, the inventors have
employed a variety of coupling reagents (e.g., succinimidyl
3-(2-pynidyldithio)propionate (SPDP) and sulfosuccinim-
1dyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) to link QDs and siRNA or to link QDs and
peptides. QDs can be prepared with functional groups, e.g.,
amine or carboxyl groups, available at the surface to facilitate
conjugation to a biomolecule. Alternately, moieties such as
biotin or streptavidin can be attached to the nanoparticle
surface to facilitate binding to moieties functionalized with
streptavidin or biotin, respectively.

[0114] Non-covalent specific binding interactions can be
employed. For example, either the nanoparticle or the bio-
molecule can be functionalized with biotin with the other
being functionalized with streptavidin. These two moieties
specifically bind to each other non-covalently and with a high
ailinity, thereby linking the nanoparticle and the biomolecule.
Other specific binding pairs could be similarly used. Alter-
nately, listidine-tagged biomolecules can be conjugated to
nanoparticles linked with nickel-nitrolotriaceteic acid (INi-

NTA).

[0115] Any biomolecule to be attached to a nanoparticle or
RINA may include a spacer. The spacer can be, for example, a
short peptide chain, e.g., between 1 and 10 amino acids 1n
length, e.g., 1, 2, 3, 4, or 5 amino acids in length, a nucleic
acid, an alkyl chain, eftc.

[0116] In certain embodiments of the invention, a biomol-
ecule 1s attached to a nanoparticle, or RNA via a cleavable
linkage so that the biomolecule can be removed from the
nanoparticle or RNA following intracellular delivery. In cer-
tain embodiments of the mmvention, a nanoparticle and an
RNA (e.g., a short RNA1 agent or tRNA) to be tracked or
monitored 1n accordance with the invention may be conju-
gated to one another via a cleavable linkage so that the RNA
can be released from the nanoparticle following cellular
uptake. Removal or release can occur, for example, as a result
of light-directed cleavage, chemical cleavage, protease-me-
diated cleavage, or enzyme-mediated cleavage. Cleavable
linkages include disulfide bonds, acid-labile thioesters, etc.
(90). Any linker that contains or forms such a bond could be
employed. In one embodiment, the linker contains a polypep-
tide sequence that includes a cleavage site for an intracellular
protease.

[0117] For additional general information on conjugation
methods and cross-linkers, see the journal Biocorjugate
Chemistry, published by the American Chemical Society,
Columbus Ohio, PO Box 3337, Columbus, Ohio, 43210;
“Cross-Linking,” Pierce Chemical Technical Library, avail-
able at the Pierce web site and originally published in the
1994-95 Pierce Catalog, and references cited therein; Wong S
S, Chemistry of Protein Conjugation and Cross-linking, CRC
Press Publishers, Boca Raton, 1991; and Hermanson, G. T.,
Bioconjugate lechniques, Academic Press, Inc., San Diego,

1996.
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[0118] It 1s to be understood that the compositions of the
invention can be made 1n any suitable manner, and the mnven-
tion 1s 1n no way limited to compositions that can be produced
using the methods described herein. Selection of an appro-
priate method may require attention to the properties of the
particular moieties being linked.

[0119] If desired, various methods may be used to separate
nanoparticles with an attached RNA, polypeptide, or other
moiety from nanoparticles to which the moiety has not
become attached, or to separate nanoparticles having ditier-
ent numbers of moieties attached thereto. For example, size
exclusion chromatography or agarose gel electrophoresis can
be used to separate populations of nanoparticles having dif-
ferent numbers of moieties attached thereto and/or to separate
nanoparticles from other entities. Some methods include
s1ze-exclusion or anion-exchange chromatography.

[0120] As described further below, in some embodiments
of the mvention, one or more nanoparticles and one or more
RNA molecules forms a non-covalent complex with a trans-
fection reagent.

IV. Delivery of Nanoparticles and RNA to Cells

[0121] Any of a variety of methods may be employed to
deliver nanoparticle(s) and RNA to cells and/or to enhance
delivery.

[0122] A. Transfection Reagents

[0123] Certain embodiments of the mvention employ one
or more transfection reagents to enhance intracellular deliv-
ery of a nanoparticle, RNA molecule, or both. The present
invention demonstrates the formation of complexes compris-
ing a transfection reagent, a nanoparticle, and an siRNA.
Notably, the invention further demonstrates that such com-
plexes can be efliciently delivered to the interior of mamma-
lian cells and that the siRNA can effectively mediate gene
silencing following internalization.

[0124] A vanety of different transfection reagents are of
use 1n the mvention. A number of transfection reagents have
been developed to enhance delivery of large DNA molecules
(typically several hundred to thousands of base pairs 1n
length), which differ signmificantly in terms of structure from
small RNA species such as short RNA1 agents and tRINAs.
Nevertheless, certain of these transiection reagents mediate
intracellular delivery of short RNA1 agents and/or tRNAs.
[0125] A transiection reagent of use in the present mnven-
tion may contain one or more naturally occurring, synthetic,
and/or derivatized lipids. Cationic and/or neutral lipids or
mixtures thereol may be used. Many cationic lipids are
amphiphilic molecules containing a positively charged polar
headgroup linked (e.g., via an anchor) to a hydrophobic
domain often comprising two alkyl chains. Structural varia-
tions include the length and degree of unsaturation of the
alkyl chains (86, 87). Cationic lipids include, for example,
dimyristyl oxypropyl-3-dimethylhydroxy ethylammonium
bromide (DMRIE), dilauryl oxypropyl-3-dimethylhydroxy
cthylammonium bromide (DLRIE), N-[1-(2,3-dioleoyloxyl)
propal |]-n,n,n-trimethylammonium sulfate (DOTAP), dio-
leoylphosphatidylethanolamine (DOPE), dipalmitoyleth-
ylphosphatidylcholine (DPEPC),
dioleoylphosphatidylcholine  (DOPC),  lipopolylysine,
didoceyl methylammonmium bromide (DDAB), 2,3-dioleoy-
loxy-N-[2-(sperminecarboxamidoethyl |-N,N-di-methyl-1-
propanaminium trifluoroacetate (DOSPA), cetyltrimethy-
lammonium bromide (CTAB), beta.-[N,(N',N'-
dimethylaminoethane)-carbamoyl]|cholesterol (DC-
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Cholesterol, also known as DC-Chol), (-alanyl cholesterol,
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
chloride (DOTMA), N'-cholesteryloxycarbonyl-3,7-diaza-
nonane-1,9-diamine (CDAN), dipalmitoylphosphatidyletha-
nolamine-5-carboxyspernylamide (DPPES), dicaproylphos-
phatidylethanolamine (DCPE), 4-dimethylaminopyridine
(DMAP), dimyristoylphosphatidylethanolamine (DMPE),
dioleoylethylphosphocholine (DOEPC), dioctadecylami-
doglycyl spermidine (DOGS), and N-[1-(2,3-dioleoyloxy)
propyl]-N-[1-(2-hydroxyethyl)]-N,N-dimethylammonium
iodide (DOHME). Some representative cationic lipids
include, but are not limited to, phosphatidylethanolamine,
phospatidylcholine,  glycero-3-ethylphosphatidyl-choline
and fatty acyl esters thereof, di- and trimethyl ammonium
propane, di- and tri-ethylammonium propane and fatty acyl
esters thereof, e.g., N-[1-(2,3-dioleoyloxy)propyl]-N,N—,
N-trimethylammonium chloride (DOTMA).

[0126] A variety of proprietary transiection reagents, most
of which comprise one or more lipids, available commer-
cially from suppliers such as Invitrogen (Carlsbad, Calif.),
Quiagen (Valencia, Calif.), Promega (Madison, Wis.), etc.,
may be used. Examples include Lipofectin®, Lipo-
fectamine®, Lipofectamine 2000®, Optifect®, Cytofectin®,
Transfectace®, Transfectam®, Cytofectin®, Oligo-
fectamine®, Effectene®, etc. A variety of transiection
reagents have been developed or optimized for delivery of

siRNA to mammalian cells. Examples include X-trem-
¢GENE siRNA Transfection Reagent (Roche Applied Sci-

ence), siIMPORTER™ siRNA Transfection Reagent (Up-
state), BLOCK-1T™ Technology (Invitrogen), RINAiFect
Reagent (QIAGEN), GeneEraser™ siRNA Transiection
Reagent (Stratagene), RibolJuice™ s1iRNA Transiection
Reagent (Novagen), EXPRESS-s1 Delivery Kit (Genospec-
tra, Inc.), HiPerFect Transiection Reagent (QIAGEN),
siPORT™, s1PORT™ lipid, siPORT™ amine (all from
Ambion), DharmaFECT™ (Dharmacon), etc.

[0127] Cationic polymers may be used as transiection
reagents 1n the present mvention. Exemplary cationic poly-
mers include polyethylenimine (PEI), polylysine (PLL), pol-
yarginine (PLA), polyvinylpyrrolidone (PVP), chitosan,
protamine, polyphosphates, polyphosphoesters (see U.S.
Pub. No. 2002/0045263), poly(N-1sopropylacrylamide), etc.
Certain of these polymers comprise primary amine groups,
imine groups, guanidine groups, and/or imidazole groups.
Some examples include poly(p-amino ester) (PAE) polymers
(such as those described 1n U.S. Ser. Nos. 09/969,431 and
10/446,444; and U.S. Pub. No. 2002/0131951). The cationic
polymer may be linear or branched. Blends, copolymers, and
modified cationic polymers can be used. In certain embodi-
ments of the invention, a cationic polymer having a molecular
weight of at least about 25 kD 1s used. In one embodiment,
deacylated PEI1s used. For example, residual N-acyl moieties
can be removed from commercially available PEI or PEI can
be synthesized, e.g., by acid-catalyzed hydrolysis of poly(2-
cthyl-2-oxazoline), to yield the pure polycations (88).

[0128] Dendrimers are of use as transiection reagents 1n the
present invention. Dendrimers are polymers that are synthe-
s1zed as approximately spherical structures typically ranging
from 1 to about 20 nanometers in diameter having a center
from which chains extend 1n a tree-like, branching morphol-
ogy. Molecular weight and the number of terminal groups
increase exponentially as a function of generation (the num-
ber of layers) of the polymer. Different types of dendrimers
can be synthesized based on difierent core structures. Den-
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drimers suitable for use with the present invention include,
but are not limited to, polyamidoamine (PAMAM), polypro-
pylamine (POPAM), polyethylenimine, iptycene, aliphatic
poly(ether), and/or aromatic polyether dendrimers (see U.S.
Pat. No. 6,471,968 and refs. 28 and 85).

[0129] Polysaccharides such as natural and synthetic cyclo-
dextrins and derivatives and modified forms thereof are ot use

in certain embodiments of the imnvention (see, e.g., U.S. Pub.
No. 2003/0157030 and ref. 82).

[0130] In certain embodiments of the invention, the trans-
fection reagent forms a complex with one or more nanopar-
ticles or RNAs. Typically the complex will contain a plurality
of RNA molecules of one or more sequences, and a plurality
of nanoparticles. Components of the complex are physical
associated. The physical association 1s mediated, for
example, by non-covalent interactions such as electrostatic
interactions, hydrophobic or hydrophilic interactions, hydro-
gen bonds, etc., rather than covalent interactions or high
allimty specific binding interactions. A complex can be
formed when a moiety 1s encapsulated or entrapped by one or
more other moieties. The present invention demonstrates that
quantum dots, siRNA, and a transfection reagent can form a
complex that 1s efficiently taken up by mammalian cells and
that this uptake can be tracked and monitored by detecting the
nanoparticles. Importantly, the invention demonstrates that
the siRNA retains 1ts gene silencing activity and that the
signal detected from the internalized nanoparticles correlates
with gene silencing activity.

[0131] Complex formation may take place by a varniety of
different mechanisms. For example, incubation of a lipid 1n
the presence of RNA molecules and/or nanoparticles in an
aqueous medium may result in formation of a liposome 1n
which the RNA molecules and/or nanoparticles are encapsu-
lated 1n an aqueous compartment. Alternatively or addition-
ally, RNA molecules and/or nanoparticles may be entrapped
in, or non-covalently associated with, the surface of the lipo-
some. While not wishing to be bound by any theory, 1t 1s
hypothesized that certain transfection reagents form a com-
plex with the nanoparticles and RNA via electrostatic inter-
actions. Liposomes formed from a lipid or combination
thereol may be coated with a plurality of nanoparticles elec-
trostatically attracted to the liposome surface.

[0132] Complexes can be formed by contacting a transiec-
tion reagent and nanoparticles for a period of time suificient
to allow complex formation to occur. The composition 1s then
combined with RNA and the resulting composition 1s again
maintained for a suitable period of time to allow complex
formation to occur. Alternately, the transfection reagent and
the RNA can first be allowed to form a complex, following
which nanoparticles are combined with the composition. In
one embodiment, the transtection reagent, nanoparticles, and
RINA are mixed together and maintained for a suitable time
period. Components can be combined by adding one to the
other, by adding each of multiple components to a single
vessel, etc. Suitable time periods for any of the afore-men-
tioned steps can be, e.g., several seconds, minutes, or hours
(e.g., between 5-60 minutes or 10-30 minutes). Contacting
typically takes place 1n an aqueous medium. A lipid transfec-
tion reagent may contain liposomes. In some embodiments,
the liposomes are preformed liposomes. In some embodi-
ments, other structures may form during the contacting. IT
desired, the physical characteristics of a complex comprising
RINA molecules, nanoparticles, and a transfection reagent can
be evaluated using a variety of methods known 1n the art. For
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example, the size, charge, and/or polydispersity of the com-
plex can be determined using a Malvern Instruments Zeta-
sizer (Malvern, UK), dynamic light scattering, etc.

[0133] Standard transfection protocols can be used to
deliver the RNA and nanoparticles to cells. Typically the cells
are contacted with the transfection reagent, nanoparticles,
and RNA (e.g., as a complex) for time periods ranging from
minutes to hours. Protocols can be varied to optimize uptake.
[0134] The mvention encompasses the use of magnetic
forces to enhance uptake of nanoparticles, RNA, or both, by
cells. In one embodiment, a complex comprises a magnetic
nanoparticle and an siRNA.

[0135] B. Electroporation

[0136] In certain embodiments of the invention, an electric
field 1s applied to enhance intracellular delivery of a nanopar-
ticle sensor component. Application of an electric field to
cells to enhance their uptake of DNA, a technique referred to
as electroporation, has long been known 1n the art (83, 84).
While not wishing to be bound by any theory, the mechanism
may involve temporary disruption of the cell membrane,
allowing foreign bodies to enter, followed by resealing of the
membrane. In the present invention electroporation 1s used to
enhance the uptake of RNA and nanoparticles by cells. Stan-
dard electroporation protocols known 1n the art can be used.
Parameters such as electric field strength, voltage, capaci-
tance, duration and number of electric pulse(s), cell number
of concentration, and the composition of the solution in which
the cells are maintained during or after electroporation can be
optimized for the delivery of RNA and of nanoparticles of any
particular size, shape, and composition and/or to achieve
desired levels of cell viability. The methods of the invention
are not limited to parameters that have been successtully used
to enhance cell transfection in the art. Exemplary parameter
ranges include, e.g., charging voltages of 100-500 volts and
pulse lengths of 0.5-20 ms.

[0137] C. Microinjection

[0138] In certain embodiments of the mvention, cells are
microinjected with a composition comprising an RNA and an
optically or magnetically detectable nanoparticle. Optionally
the RNA and the nanoparticle are physically associated. An

automated microinjection apparatus can be used (see, e.g.,
U.S. Pat. No. 5,976,826).

[0139] D. Translocation Peptides

[0140] In certain embodiments of the invention, the trans-
fection reagent comprises a translocation peptide. The trans-
location peptide can be any of a variety of protein domains
that are capable of inducing or enhancing translocation of an
associated moiety mnto a eukaryotic cell, e.g., a mammalian
cell. For example, presence of these domains within a larger
protein enhances transport of the larger protein into cells.
These domains are sometimes referred to as protein transduc-
tion domains (PTDs) or cell penetrating peptides (CPPs).
Translocation peptides include peptides dertved from various
viruses, DNA binding segments of leucine zipper proteins,
synthetic arginine-rich peptides, etc. (see, e.g., Langel, U.
(ed.), Cell-Penetrating Peptides Processes and Applications,
CRC Press, Boca Raton, Fla., 2002).

[0141] Exemplary translocation peptides that may be used
in accordance with the present invention include, but are not
limited to, the TAT,,_., peptide, referred to herein as “TAT
peptide” (sequence: RKKRRQRRR (SEQ ID NO: 1)) from
the HIV-1 protein (95, 96); longer peptides that comprise the
TAT peptide; and the peptide RQIKIWFZQRRMKWKK
(SEQ ID NO: 2) from the Antennapedia protein.
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[0142] In some embodiments, translocation-enhancing
moieties of use include peptide-like molecules known as pep-
toid molecular transporters (U.S. Pat. Nos. 6,306,933 and
6,759,387). Certain of these molecules contain contiguous,
highly basic subumts, particularly subunits contaiming
guanidyl or amidinyl moieties.

[0143] E. Endosome Escape Agents

[0144] In some embodiments of the invention, an endo-
some disrupting or fusogenic agent 1s administered to cells to
enhance release of nanoparticles, RNA, or both from the
endosome. Examples include fusogenic peptides, chloro-
quine, various viral components such as the N-terminal por-
tion of the influenza virus HA protein (e.g., the HA2 peptide),
adenoviral proteins or portions thereof, etc. (see, e.g., U.S.
Pat. No. 6,274,322). For example, in certain embodiments of
the mvention, the endosome disrupting agent 1s a peptide
comprising the N-terminal 20 amino acids of the influenza
HA protein. In some embodiments, the INF-7 peptide, which
resembles the NH,-terminal domain of the influenza virus
hemagglutinin HA-2 subunit, 1s used. In certain embodiments
of the mvention, an endosome escape agent or fusogenic
peptide 1s conjugated to the nanoparticle, the RNA, or both.

[0145] The membrane-lytic peptide mellitin may be used.
In certain embodiments of the invention, an endosome dis-
rupting agent 1s conjugated to an RNA, a nanoparticle, or
both. In certain embodiments of the imnvention, a polypeptide
having a first domain that serves as an endosome disrupting or
fusogenic agent and a second domain that serves as a trans-
location peptide 1s employed. An agent that enhances release
of endosomal contents or escape of an attached moiety from
an internal cellular compartment such as an endosome may be
referred to as an “endosomal escape agent.”

[0146] F. Targeted Nanoparticles

[0147] In certain embodiments of the mvention, the nano-
particle comprises a targeting agent. A targeting agent 1s any
agent that binds to a component present on or at the surface of
a cell. Such a component 1s referred to as a “marker.” The
marker can be a polypeptide or portion thereof. The marker
can be a carbohydrate moiety. The marker can be cell type
specific, disease state specific, etc. For example, the marker
may be expressed 1n significant amounts mainly on one or a
tew cell types or in one or a few diseases. A cell type specific
marker for a particular cell type 1s expressed at levels at least
3 fold greater 1n that cell type than 1n a reference population
of cells which may consist, for example, of a mixture con-
taining cells from a plurality (e.g., 5-10 or more) of different
tissues or organs in approximately equal amounts. In some
embodiments, the cell type specific marker 1s present at levels
at least 4-5 fold, between 5-10 fold, or more than 10-fold
greater than 1ts average expression in a reference population.
Detection or measurement of a cell type specific marker may
make 1t possible to distinguish the cell type or types of interest
from cells of many, most, or all other types.

[0148] Numerous markers are known 1n the art. Typical
markers include cell surface proteins, e.g., receptors. Exem-
plary receptors include, but are not limited to, the transierrin
receptor; LDL receptor; growth factor receptors such as epi-
dermal growth factor receptor family members (e.g., EGFR,
HER-2, HER-3, HER-4, HER-2/neu) or vascular endothelial
growth factor receptors; cytokine receptors; cell adhesion
molecules; integrins; selectins; CD molecules; etc. The
marker can be a molecule that 1s present exclusively or in
higher amounts on a malignant cell, e.g., a tumor antigen. For
example, prostate-specific membrane antigen (PSMA) 1s
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expressed at the surface of prostate cancer cells. In certain
embodiments of the mvention the marker 1s an endothelial
cell marker.

[0149] The targeting agent may be a polypeptide, peptide,
nucleic acid, carbohydrate, glycoprotein, lipid, small mol-
ecule, etc. For example, the targeting agent may be anaturally
occurring or synthetic ligand for a cell surface receptor, e.g.,
a growth factor, hormone, LDL, transferrin, etc. The targeting
agent can be an antibody, which term 1s intended to 1include
antibody fragments, single chain antibodies, etc. Synthetic
binding proteins such as affibodies, etc., can be used. Peptide
targeting agents can be 1dentified, e.g., using procedures such
as phage display. This widely used technique has been used to
identify cell specific ligands for a variety of different cell
types. In certain embodiments of the invention, the ligand 1s
an aptamer that binds to a cell type specific marker. In general,
an aptamer 1s an oligonucleotide (e.g., DNA or RNA or an
analog thereol) that binds to a particular target, such as a
polypeptide. Aptamers are typically dertved from an 1n vitro
evolution process such as SELEX, and methods for obtaining
aptamers specific for a protein of interest are known 1n the art.
[0150] In certain embodiments of the invention the marker
1s a tumor marker. The marker may be a polypeptide that 1s
expressed at higher levels on dividing than on non-dividing
cells. Nucleolin 1s an example. The peptide known as F3 1s a
suitable targeting agent for directing a nanoparticle to nucleo-
lin (92, 93). As described 1n Example 6, the inventors dem-
onstrated that conjugating nanoparticles (QDs) with peptide
F3 improved nanoparticle uptake by tumor cells.

[0151] It will be appreciated that various changes in the
amino acid sequence ol a peptide, such as an endosome
disrupting peptide, translocation peptide, cell targeting pep-
tide, etc., can be made without substantially affecting the
ability of the peptide to enhance endosome escape. For
example, 1, 2, 3, or more such changes such as deletions,
insertions, substitutions, etc. may be made. Typically the
resulting peptide will have at least 80% sequence identity,
e.g., 90% sequence 1dentity, with the original peptide. Such
variations are within the scope of the invention.

[0152] FIG. 10 presents a schematic diagram 1llustrating
multifunctional nanoparticles for siRNA delivery 1 one
embodiment. The particles, which are optionally optically or
magnetically detectable, contain a core and a coating layer.
The surface of the particles 1s functionalized with a targeting
peptide, an endosomal escape peptide, and an siRNA. The
targeting agent binds to a cell surface marker that 1s selec-
tively present on malignant cells. The particle 1s internalized
and enters the endosome. The siRNA 1s released from the
particle, optionally as a result of cleavage of a labile bond
such as a disulfide, and the siRNA 1is released from the endo-
some 1nto the cytoplasm, where 1t silences a gene 1n a thera-
peutically useiful manner. The optically or magnetically
detectable nanoparticle can be detected to provide an 1ndica-
tion of cellular uptake of the siRNA and/or its gene silencing
activity. The method thus facilitates evaluating the efficacy of
different siRINAs, different delivery vehicles, etc. The method

1s ol use to guide dosing for therapy of a disease that is treated
by the siRNA.

V. Cells

[0153] The invention may be used to track and monitor
uptake of RNA by any eukaryotic cell of interest. In certain
embodiments of the invention, the cell 1s a mammalian cell.

The cells may be of human or non-human origin. For
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example, they may be of mouse, rat, or non-human primate
origin. The cell can be of any cell type. Exemplary cell types
include, but are not limited to, endothelial cells, epithelial
cells, neurons, hepatocytes, myocytes, chondrocytes, osteo-
blasts, osteoclasts, lymphocytes, macrophages, neutrophils,
fibroblasts, keratinocytes, etc. The cells can be primary cells,
immortalized cells, transformed cells, terminally differenti-
ated cells, stem cells (e.g., adult or embryonic stem cells,
hematopoietic stem cells), somatic cells, germ cells, etc. The
cells can be wild type or mutant cells, e.g., they may have a
mutation in one or more genes. The cells may be quiescent or
actively proliferating. The cells may be 1n any stage of the cell
cycle.

[0154] The cells can be normal cells or diseased cells. In
certain embodiments of the invention, the cells are cancer
cells, e.g., they originate from a tumor or have been trans-
formed 1n cell culture (e.g., by transfection with an onco-
gene). In certain embodiments of the invention, the cells are
infected with a virus or other infectious agent. The virus may
be, e.g., a DNA wvirus, RNA wvirus, retrovirus, etc. For
example, the cells can be mfected with a human pathogen
such as a hepatitis virus, a respiratory virus, human immuno-
deficiency virus, efc.

[0155] The cells may have been experimentally manipu-
lated to overexpress one or more genes of interest, e.g., by
transfecting them with an expression vector that contains a
coding sequence operably linked to expression signal(s) such
as a promoter.

[0156] The cells can be cells of a cell line. Exemplary cell
lines include Hel.a, CHO, COS, BHK, NIH-3T3, HUVEC,
etc. For an extensive list of mammalian cell lines, those of

ordinary skill in the art may refer to the American Type
Culture Collection catalog (ATCC®, Manassas, Va.).

10157]

[0158] In addition to detection of nanoparticle(s) within
cells, the mvention provides methods in which cells are
optionally analyzed, sorted, and/or manipulated 1n any of a
variety of ways. For example, after a collection of cells has
been contacted with a nanoparticle and an RNA, the collec-
tion of cells can be separated into two or more populations
(sorted), e.g., based on an optical or magnetic signal acquired
from 1ndividual cells, which reflects the number of nanopar-
ticles contained 1n the cells.

[0159] A variety of different methods for analyzing and
separating cells can be used. For example, tlow cytometers
capable of sorting cells on the basis of their fluorescence
characteristics (fluorescence activated cell sorting (FACS))
can be used (see, e.g., Ormerod, M. G., Flow Cytometry.: A
Practical Approach, 3™ ed., Oxford University Press, 2000).
Flow cytometry may separate cells based on simultaneous
in-line video microscopy, which can detect a variety of dii-
terent cellular parameters (76). Magnetic cell sorting can be
employed (78).

[0160] Cells can be selected for manipulation or processing
based on their optical or magnetic properties following nano-
particle internalization. In certain embodiments, cells are
physically manipulated. Suitable methods for physically
mampulating single cells include, e.g. manipulation tech-
niques such as optical tweezers, electrokinetic forces (elec-
trophoresis, dielectrophoresis, traveling-wave dielectro-
phoresis), magnetic tweezers, acoustic traps and
hydrodynamic flows. In one embodiment, an incoherent light
source (a light-emitting diode or a halogen lamp) and a digital

Cell Sorting and Processing,
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micromirror spatial light modulator are employed, offering a
highly parallel system capable of manipulating thousands of
cells (81).

[0161] Incertain embodiments of the invention, processing
procedures are performed. For example, cells 1dentified as
having taken up an undesirably small or large RNA can be
climinated from a population. In one embodiment, a scanning
cytometer with laser ablation 1s employed to ablate particular
cells. Suitable instruments are available, e.g., from Cyntel-
lect, Inc. (San Diego, Calif.).

[0162] In certain embodiments of the mvention, detection
and, optionally, sorting, manipulation, ablation, etc., 1s
accomplished 1 a microfluidic device. A varniety of microi-
luidic devices that incorporate detection capabilities, and,
optionally, fluid mampulation, sorting, and other capabilities
are known 1n the art. Such devices are sometimes referred to
as a “lab-on-a-chip.” An exemplary microtluidic cell sorter 1s
described in U.S. Pat. No. 6,540,895. The inventive methods
may be used to sort cells into different chambers of a microi-
luidic device. In one embodiment, microfluidic sorting of
cells 1s accomplished using optical force switching (79). In
one embodiment, gravity and electric force driving of cells
are used to perform flow cytometry and fluorescence acti-
vated cell sorting 1n a microfluidic chip system (80).

[0163] Additional processing can include exposing cells to
compounds. For example, cells that have been contacted with
an siIRNA that silences a particular gene may be exposed to a
compound to determine whether the compound has an effect
on the cell 1 the absence of the gene product. Such experi-
ments may be useful, for example, to identily targets of drug,
activity.

[0164] Of course cells can simply be observed, analyzed,
and/or compared using any method known 1n the art follow-
ing cell selection and/or separation into ditferent populations.
Any cellular feature, characteristic, or behavior can be com-
pared. For example, cell migration, cell proliferation, cell
death, etc., can be assessed. Additional experiments such as
measuring the level of any particular mRNA or protein of
interest can be performed on one or more cells or populations
of cells using standard methods. In one embodiment, a fea-
ture, characteristic, or behavior of cells that have taken up a
large amount of an s1IRINA can be compared with that of cells
that have taken up a lesser amount of RNA.

V1. Kits and Related Methods

[0165] The invention provides a variety of kits. The kits
may include one or more optically or magnetically detectable
nanoparticles. For example, the kits may include 1, 2, 3, 4, or
more nanoparticles having distinguishable optical and/or
magnetic properties. In one embodiment, the kits include a
collection of different QDs having different peak emission
wavelengths. For example, the kits may include QDs having
peak emission wavelengths selected from the group consist-
ing of approximately 5235, 335, 543, 365, 583, 605, 653, 703,
and 800 nm. Typically the kits will include suificient amounts
of QDs to allow the user to perform multiple experiments.
The nanoparticles may be functionalized, e.g., with a trans-
location peptide, an endosome escape peptide, a targeting
agent, etc.

[0166] The kits may include additional components or
reagents. For example, the kits may include one or more
transiection reagents, €.g., any of the transfection reagents
described herein. The kits may include one or more RNAs,
e.g., a control RNA. The kits may include a translocation
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peptide, an endosome escape peptide, a targeting agent, etc.
The kits may include a cross-linking agent, linker, or any
other component that could be used to conjugate a nanopar-

ticle or RNA to a biomolecule. The kits may include cells
and/or cell culture medium.

[0167] In some embodiments, the kit 1s supplied with or
includes one or more RNAs, e.g., siRNAs, specified by the
purchaser.

[0168] The kit may include instructions for use. For
example, the instructions may inform the user of the proper
procedure by which to prepare a complex comprising a trans-
fection reagent, nanoparticles, and RNA molecules and/or the
proper procedure for contacting cells with the nanoparticles,
RNA, transfection reagent, etc.

[0169] Kits may include one or more vessels or containers
so that certain of the individual components or reagents may
be separately housed. The kits may include a means for
enclosing the individual containers in relatively close con-
finement for commercial sale, e.g., a plastic box, in which
istructions, packaging materials such as styrofoam, etc.,
may be enclosed.

[0170] The invention provides a method of supplying an
RINA1 agent comprising steps of: (a) electronically receiving
an order for an RNA1 agent from a requester; and (b) provid-
ing the RNA1 agent and an optically or magnetically detect-
able nanoparticle to the requester. Typically the order may
include a request for the optically or magnetically detectable
nanoparticle or an indication that the requester desires to be
supplied with the particle.

[0171] The invention provides a method of supplying a
nanoparticle comprising steps of: (a) electronically recerving
an order for an optically or magnetically detectable nanopar-
ticle from a requestor; and (b) providing the optically or
magnetically detectable nanoparticle and an RNA1 agent to
the requestor. Typically the order includes a request for the

RINA1 agent or an indication that the requestor desires to be
supplied with the RN A1 agent.

[0172] The invention further provides a method of placing
an order for an optically or magnetically detectable nanopar-
ticle and an RNA1 agent comprising steps of: (a) electroni-
cally creating or transmitting an order for an RNA1 agent and
an optically or magnetically detectable nanoparticle from a
supplier.

[0173] It will be understood that 1n any of these methods,
the nanoparticle and/or RNA1 agent 1s requested or provided
for use 1n a composition or method of the mnvention, e.g., to 1n
order to track or monitor uptake of the RNA1 agent by cells. A
nanoparticle or RNA1 agent will be considered to be
requested for use 1n a composition or method of the invention
if the requestor places the order with the intent of so using the
nanoparticle or RNA1 agent and/or does so use the nanopar-
ticle or RNA1 agent. A nanoparticle or RNA1 agent will be
considered to be supplied for use 1n a composition or method
of the invention 1 (1) the supplier supplies the nanoparticle
and the RN A1 agent with instructions for their use 1n practic-
ing a method of the invention or 1structions for preparing a
composition of the mvention and/or (11) the supplier adver-
tises or promotes the use of an RNA1 agent and an optically or
magnetically detectable nanoparticle to practice a method of
the mvention or to prepare a composition of the invention or
provides instructions for such use in any manner. The mnven-
tion encompasses advertising or promoting or providing
instructions for the practice of amethod of the invention or the
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preparation of a composition of the mvention, regardless of
whether material(s) for practicing the invention may be pro-

vided.

[0174] The terms “electronically receiving,” “order,”
“requester,” and “providing” are to be interpreted broadly and
without limitation. For example, “electronically receiving”
can refer to any method by which information can be recerved
that involves electronic means for the creation, transmission,
and/or receipt of the order. For example, “electronically
receiving”’ can mean by phone, by fax, by computer (e.g., by
¢-mail, by submitting an “order form” over the Internet), etc.
The transmission and receipt of the order can be wireless.
“Flectronically recerving” can mean recerving, by mail, a
computer-readable medium having information stored
thereon. An “order” 1s any means by which a request can be
made. A “requester” 1s any individual or entity that seeks to
obtain an item. “Providing” means any means of supplying an
item such as an RNA1 agent, nanoparticle, etc. For example,
“providing” can refer to sending the 1item to a destination or
arranging for the item to be sent. Any means of sending may
be employed. It will be understood that the RNA1 agent and
the nanoparticle are typically supplied within a single con-
tainer such as a box containing smaller receptacles to house
the RNA1 agent and the nanoparticle. However, the two 1tems
can be supplied separately. It will be understood that the
RINA1 agent and the nanoparticle are typically supplied 1n a
temporal relationship with one another, e.g., they are either
sent together 1n a single container or are sent separately within
24-48 hours of one another. The methods may further include
providing any of the items that may be present 1n a kit, as

described above.

[0175] Typically, the RNA1 agent 1s a short RNA1 agent
such as an siRNA. In an exemplary embodiment, a user, e.g.,
a researcher, desiring to employ an mventive method for
tracking or monitoring delivery of an siRNA to eukaroytic
cells, submits an order for an siRNA targeted to a particular
gene over the Internet (e.g., by filling out and submitting a
Web-based form). The researcher may submit an order for an
optically or magnetically detectable nanoparticle such as a
QD. The supplier receives the order and ships the siRNA and
the QD to the researcher.

VII. Applications

[0176] The inventive methods for tracking and monitoring
RINA and/or 1ts activity have a wide variety of uses, such as
those mentioned above and in the examples. This section
provides additional details regarding particular applications
of the compositions and methods. The inventive methods may
be used to compare the silencing activity of different siRINAs
or other short RNA1 agents towards a target gene. The meth-
ods provide a means of normalizing for siRNA uptake,
thereby controlling for this variable, to provide a more accu-
rate retlection of the intrinsic silencing activity of a particular
siRNNA. Thus the invention provides a method of testing an
RNA1 agent comprising steps ol: contacting a cell with a
detectable nanoparticle and an RNA1 agent designed to
silence a gene; detecting the nanoparticle; and determining
the silencing activity of the RNA1agent towards the gene. The
method can comprise contacting first and second cells with
first and second RNA1 agents designed to silence the same
gene and comparing the silencing activity of the first and
second RNA1 agents after normalizing for the amount of each
RINA1 agent taken up by the cell(s) with which 1t 1s contacted.
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[0177] The mventive methods may be used to compare the
ability of different delivery vehicles to facilitate siRNA deliv-
ery to cells 1 culture or 1n vivo. The delivery vehicle may, but
need not be, a transiection reagent such as those described
herein. Other delivery vehicles, carriers, etch, are within the
scope of the invention. In one embodiment, the invention
provides a method of testing a delivery vehicle comprising
contacting a cell with a detectable nanoparticle, an RINA1
agent designed to silence a gene, and a delivery vehicle;
detecting the nanoparticle; and determining the silencing
activity of the RNA1 agent towards the gene. The method can
comprise contacting a first cell with a first delivery vehicle, a
detectable nanoparticle, and an RNA1 agent designed to
silence a gene; contacting a second cell with a second delivery
vehicle, a detectable nanoparticle, and an RNA1 agent
designed to silence a gene; and comparing silencing of the
gene 1n the first and second cells or comparing amounts of the
detectable nanoparticle 1n the first and second cells.

[0178] The invention encompasses i vivo applications of
the compositions and methods described herein. In certain
embodiments of the invention, a composition comprising a
detectable nanoparticle, e.g., a QD, and an RNA1 agent (e.g.,
an siIRNA) 1s administered to a subject. Any of the detectable
nanoparticles described herein may be used. For example, in
some embodiments, the nanoparticle and the RNA1 agent are
conjugated to one another. In one embodiment, an additional
moiety such as a translocation peptide 1s conjugated to the
nanoparticle. The 1n vivo applications encompass administer-
ing multiple nanoparticles having distinguishable properties,
cach associated with a different RNA1 agent, to a subject,
providing the ability to track and monitor silencing of mul-
tiple genes.

[0179] The subject may be, for example, an animal such as
a mouse, rat, non-human primate, or other animal used as a
model for human disease. The subject to whom the compo-
sition 1s administered may be a human being. A variety of
routes of administration can be employed including, but not
limited to parenteral (e.g., intravenous, intraarterial, intra-
muscular, subcutaneous 1njection), oral (e.g., dietary), inha-
lation (e.g., acrosol to lung), topical or transdermal, nasal,
vaginal, buccal, rectal, etc.). In one embodiment, conven-
tional volumes and 1njection times are employed for intrave-
nous administration. In one embodiment, the technique
known as hydrodynamic transtection 1s used to deliver a
composition to a small animal such as a mouse. The compo-
sition may comprise a delivery vehicle. The delivery vehicle
may be specifically adapted for delivery of an RNA1 agent
such as an s1IRNA. The composition may comprise any car-
rier, diluent, excipient, or other component known 1n the art
for use 1 a composition to be delivered to a subject, e.g., for
use 1n a pharmaceutical composition.

[0180] Following administration to the subject the nanopar-
ticle 1s detected, thereby providing an 1ndication of the dis-
tribution and/or uptake of the RNA1 agent by various cells,
tissues, organs, etc., and optionally providing an indication of
the silencing activity of the RNA1 agent in such cells, tissues,
organs, etc. Detection can take place at any suitable time
following administration. In one embodiment, a tissue
sample (e.g., a tissue section) 1s obtained from the subject and
examined microscopically by any of the techniques described
herein. Alternately, individual cells can be 1solated from the
subject and examined, sorted, or further processed. In vivo
imaging techniques such as fluorescence 1maging can be
employed to detect nanoparticles 1n a living subject (27). In
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vivo administration provides the potential for rapidly evalu-
ating the ability of different delivery vehicles to enhance
siRNA uptake 1n a living organism, thereby facilitating efforts
to develop therapeutic agents comprising siRNAs. In addition
to detecting nanoparticles, conventional immunostaining or
other techmiques can be employed, e.g., to confirm gene
silencing activity of an RNA1 agent, to gather information
about the effect of gene silencing by the RNA1 agent on the
subject, etc.

[0181] Inaddition to monitoring the uptake and/or presence
of RNA 1n cells, the invention can be used to track and/or
quantitate an 1solated composition comprising one or more
RINA species. For example, a first RNA (e.g., a first siRNA)
and a first nanoparticle population can be combined to form a
first composition. A second RNA (e.g., a second siRNA) and
a second nanoparticle population can be combined to form a
second composition. When aliquots from the first and second
compositions are mixed to form a third composition, the
optical or magnetic signals from the first and second nano-
particle populations are indicative of the amounts of the first
and second RNAs in the third composition. The ratio of the
two signals 1s indicative of the ratios of the first and second
RNAs 1n the third composition.

[0182] The signal may be conveniently obtained using any
suitable approach. For example, an emission, absorption, or
scattering spectrum can be obtained from a solution contain-
ing one or more RNAs and corresponding nanoparticle popu-
lation(s).

[0183] The method can be extended to any number of
RNAs, each having a corresponding nanoparticle population.
It can be employed simply to track or monitor the concentra-
tion or amount of a single RNA, e.g., through multiple
manipulations or reactions.

[0184] This approach provides a convemient means of
quantifying RNA species and/or monitoring the RNA con-
centration 1n a composition through multiple manipulations
or reactions without the need to modity the RNA. The method
may be used, for example, 1n conditions where the RNA
concentration 1s expected to be very low such that conven-
tional means of measuring RNA concentration would be 1nac-
curate, or 1n the presence of substances that would interfere
with conventional methods for RNA measurement.

EXEMPLIFICATION

Example 1

Co-Delvery of Quantum Dots and siRNA to Cells
Allows Quantitation of siRNA Uptake and Correla-

tion of Gene Silencing with Intracellular Fluores-

cence
Materials and Methods

[0185] Short Interfering RNA and Quantum Dot Prepara-
tion

[0186] Pre-designed siRNA was used to selectively silence

the Lamin A/C gene (Lmna siRNA #73605, NM__ 019390,
Ambion) and the T-cadherin gene (SMARTpool reagent
CDHI13, NM__ 019707, Dharmacon). Fluorescently-labeled
Lmmna siRNA purchased from Dharmacon was designed with
a fluorescein molecule on the 5' end of the sense strand. The

annealed sequences were reconstituted 1n nuclease-free water
and used at a concentration of 100 nM (Lmna siRNA, 3'-Fluo-
rescein-Lmna siRNA) or 50 nM ('T-cad siRNA).
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[0187] Green (560 nm emission maxima) and orange (600
nm emission maxima) CdSe-core, ZnS-shell nanocrystals
were synthesized and water-solubilized with mercaptoacetic
acid (MAA) as previously described (29-31). MAA-QDs
were then surface-modified by reacting with polyethylene
glycol (PEG)-thiol MW 35000 (Nektar) overnight at room

temperature. Excess PEG-thiol was removed by spin {filtra-
tion (100 kDa cutotl). QDs are also available commercially as
an alternative to synthesis (Quantum Dot Corporation, Evi-
dent Technologies). Unless stated otherwise, 5 ug PEGylated
QD was used per cell transiection.

[0188] Fibroblast Cell Culture and Transiection

[0189] 37T3-J2 fibroblasts were provided by Howard Green
(Harvard Medical School, Cambridge, Mass.) (32) and cul-
tured at 37° C., 5% CO, 1 Dulbecco’s Modified Eagle
Medium (DMEM) with high glucose, 10% fetal bovine serum
(FBS), and 1% penicillin-streptomycin. The transfection pro-
cedure was performed using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. Brietly,
313 fibroblasts were plated 24 h prior to transiection at a
density of 3x10° cells per 35-mm well, in antibiotic- and
serum-iree medium. Lipofectamine reagent (5 ul) and either
siIRNA or QDs were diluted in Dulbecco’s Modified Eagles’
Medium (DMEM) and complexed at room temperature. For
QD/siRNA co-complexes, siRNA and liposomes were
allowed to complex for 15 min prior to an additional 15 min
incubation with QDs. Complexes were added to cell cultures
in fresh antibiotic- and serum-iree medium until 5 hours later,
at which time the cultures were washed and replaced with
regular growth medium. Approximately 24 hours post-trans-
fection, cells were trypsinized and prepared for flow cytom-
etry.

[0190] Fluorescence Activated Cell Sorting (FACS)
[0191] Flow cytometry and sorting was performed on a
FACS Vantage SE flow cytometer (Becton Dickinson) using a
488 nm Ar laser and FLL1 bandpass emission (530+20 nm) for
the green QDs, FL3 bandpass emission (610+10 nm) for the
orange QDs. Fluorescence histograms and dot plots were
generated using Cell Quest software (for figures, histograms
were re-created using WinMDI software, Scripps Institute,
CA). Cell Quest was also used to gate populations of highest
and lowest fluorescence intensity for sorting into chilled FBS.
Sorted populations were immediately re-plated 1nto separate
wells containing regular growth medium and allowed to
adhere. Cells were incubated at 37° C. until visualized by
fluorescence microscopy or until assayed for protein level.

[0192] Western Blotting

[0193] Cell cultures were scraped and lysed 1n RIPA Lysis
Butfer (Upstate Biotechnologies) supplemented with COM-
PLETE EDTA-iree Protease imhibitor solution (Roche).
Equal amounts (15-20 ug) total protein were loaded onto a
10% Tris-HCI resolving gel, separated by electrophoresis,
and transferred to PVDF membrane. The blot was incubated
in blocking solution (5% [w/v] nonfat dry milk, 200 mM Tris
base [pH 7.4], 5 M NaCl, 5% Tween-20) for 1 hour at room
temperature, primary antibody overnight at 4° C., and sec-
ondary antibody for 1 hour. Three washes 1 200 mM Tris
base pH 7.4, 5 M NaCl, 5% Tween-20 took place between
steps and after completion of probing. Finally, the blot was
visualized by chemiluminescence (Super Signal West Pico
Kit, Pierce) and developed. Bands were analyzed for density
using MetaMorph Image Analysis software (Universal Imag-
ing) and normalized to loading control (3-actin) bands.
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[0194] Primary antibodies used were polyclonal lamin A/C
antibody (Cell Signaling) at 1:1000 dilution 1n blocking solu-
tion and polyclonal 3-actin antibody (Cell Signaling)at 1:750
dilution. T-cadherin primary antibody was a gift from Barbara
Ranscht (University of California, San Diego) (33). Second-
ary antibody was goat anti-rabbit IgG-HRP (Santa Cruz Bio-
technology) at 1:7500 dilution. Blots were probed simulta-
neously for lamin A/C protein (70 kDa, 28 kDa) and [3-actin
protein (45 kDa); after detection, select blots were re-probed

tor T-cadherin (95 kDa).
[0195] Immunofluorescence Staining

[0196] Sorted and unsorted cells intended for lamin nuclear
protein immunostaining were seeded onto Collagen-I coated
glass coverslips. Coverslips with attached cells were washed
twice 1n cold phosphate-builered saline (PBS, Gibco) and
fixed 1n 4% paratormaldehyde at room temperature. After
three briel PBS washes, cells were permeabilized with 0.2%
Triton-X for 10 min at room temperature and washed again.
The cells were blocked with 10% goat serum for 30 min at 37°
C., incubated in primary antibody (1:100 Lamin A antibody,
Santa Cruz Biotechnology) for 90 min at37° C., washed three
times with 0.05% Triton-X, incubated 1n secondary antibody
(1:250 AlexaFluor 594 chicken anti-rabbit IgG antibody,
Molecular Probes) for 1 hour at room temperature, and
washed a final three times. Antibody dilutions were per-
formed 1n 1% bovine serum albumin (BSA) in PBS. Cover-
slips were mounted onto glass slides using Vectashield anti-
fade medium (Vector Laboratories). Finally, nuclear staining
was visualized and documented by phase contrast micros-
copy or epitluorescence (Nikon Ellipse TE200 mverted fluo-
rescence microscope and CoolSnap-HQ Digital CCD Cam-
cra).

Results

[0197] Weused cationic liposomes to co-deliver green QDs
and siIRNA targeting the lamin A/C gene (Lmna) into murine
fibroblasts, followed by tlow cytometry to quantily intracel-
lular QD uptake (FIG. 1A). The median fluorescence of
QD/siRNA-transtected cells compared to mock-transiected
cells (liposome reagent only) and cells transfected with
siIRNA alone varied by approximately 84% (coetlicient of
variation). FACS was used to gate and collect the brightest
10% (lugh, H) of each fluorescence distribution, along with
the dimmest 10% (low, L).

[0198] Adter the sorted cells were re-plated and grown for
72 hours to ensure protein turnover, protein expression analy-
s1s by either Western blot or immunostaining was performed.
In cells that had been co-transtected with siRNA and (QDs,
gene silencing correlated directly with intracellular fluores-
cence. Western blotting (FIG. 1B) and image analysis of
lamin A/C protein bands (FIG. 1C) show approximately 90%
knockdown 1n the highly fluorescent cells and negligible
knockdown 1n the dimmest cells. The cells treated with
s1IRNA alone exhibited mediocre gene down-regulation (20-
30%) independent of sorting parameters. Consistent with the
quantitative bulk protein assay, immunofluorescent detection
of lamin nuclear protein 1n unsorted, siRNA-transiected cells
produced heterogeneous staining throughout the cell popula-
tion (FI1G. 2A). However, 1n the co-transiected case, the pres-
ence of green QDs correlated with consistently weak lamin
immunofluorescent staining in the high co-transfected sub-
population (FIG. 2B), compared to a lack of observable QDs
and strong lamin staining 1n the low subpopulation (FI1G. 2C).
Heterogeneous silencing therefore influences the accuracy of
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the bulk protein expression readout, suggesting the 1mpor-
tance of verifying successiul siRNA transfection for each
gene knockdown study. Using QQDs as photostable probes 1n
combination with FACS, a subpopulation of umiformly-
treated cells can be 1solated, and also tracked with fluores-
cence microscopy over long periods of time. This approach 1s
usetul for observing the protein downregulation and pheno-
typic responses of cells to gene regulation over time.

[0199] We note that attempts to improve silencing by sim-
ply using higher concentrations of siRNA do not improve
knockdown but may actually negatively regulate RNA1-me-
diated gene silencing (FIG. 7) (40, 41). In addition, excesses
of either siRNA or cationic liposome has been shown to

induce increased cytotoxicity, interferon response (42) and
“off-target” effects (43).

Example 2

Optimizing the Correlation Between QD Fluores-
cence and Gene Silencing

Materials and Methods

[0200] QD and siRNA synthesis, transiection, and Western
blotting were performed as described in Example 1.

Results

[0201] To optimize the QD/s1iIRNA correlative effect, we
varied the ratio of QD to lipotection reagent with a fixed dose
of 100 nM siRNA. Specifically, we co-complexed Lmna
siRNNA with QD:lipofection reagent ratios of 1:5, 1:2, 1:1 or
2:1 (corresponding to 1, 2.5, 5 or 10 ug QD) and sorted the
high 10% and low 10% of the cell fluorescence distributions
as before. We found that optimal fluorescence and gene
silencing correlation for the least amount of QD occurs at a
1:1 QD:lipofection reagent mass ratio (5 ug QD), as assayed
by Western blot (FI1G. 3A-C). Without wishing to be bound by
any theory, we hypothesize that this optimum results from the
limited surface area of the cationic liposome delivery agent
(~1 um?) that is shared by the siRNA and QDs during the
complexing process. Using too few QDs fails to provide
fluorescence that 1s detectable over background, whereas
excess QDs occupy sites on the liposome that would other-
wise be available to siRNA. In support of this theory, we
found that saturating the liposome with QDs (100:1 ratio)
prior to transfection abolished correlation between cellular
fluorescence and gene silencing; both high- and low-popula-
tions exhibited little to no knockdown (data not shown).

[l

Example 3

Multiplexed Assay Allows Simultaneous Monitoring
and Sorting of Cells Treated with Different siRINAs

Materials and Methods

[0202] QD and siRNA synthesis, transiection, and Western
blotting were performed as described 1n Example 1.

Results

[0203] QDs exhibit an extensive range of size- and compo-
sition-dependent optical properties, making them highly
advantageous for multiplexing (i.e. monitoring and sorting
cells that have been treated simultaneously with different
siIRNA/QD complexes). As a demonstration of these capa-
bilities, we complexed cationic liposomes with either green

(em 560 nm) QDs and Lmna s1iRNA or orange (em 600 nm)
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QDs and siRNA targeting T-cadherin (T-cad). Cells were
exposed simultaneously to both complexes and flow cytom-
etry was used to quantily orange fluorescence (600+10 nm)
versus green fluorescence (560£20 nm) (FIG. 4A). Cells
exhibiting dual-color fluorescence were gated for low 8% and
high 8% fluorescence and collected. Western blots probing,
lamin A/C and T-cad protein confirm specificity of
QD/siRNA complexing (FIG. 4B and FIG. 4C), while fluo-
rescence microscopy validates gating accuracy and demon-
strates multi-color tracking capabilities (FIG. 5). Unsorted
cells transfected with T-cad siRNA alone expressed a 45%
down-regulation 1n protein expression quantified by Western
blot band densitometry. In contrast, co-delivery of QDs with
T-cad siRNA and subsequent sorting enabled separation of
the least efficiently transfected cell subpopulation (30% pro-
tein knockdown) from a highly transfected population (95%
knockdown). In the highest 8% of the dual color, dual siRINA
co-transiected cell population, highly effective silencing of
both Lmna gene (96% knockdown) and T-cad gene (98%
knockdown) was achieved. Given the wide spectrum of QD
color possibilities, this method promises to be useful for
tracking and sorting multiple siIRNA-mediated knockdowns
within one cell population.

Example 4

Isolation of a Homogeneously Silenced Population
of Fibroblasts Reveals a Role for T-Cadherin 1n Cell-
Cell Communication Between Hepatocytes and Non-

Parenchymal Cells

Materials and Methods

[0204] QD and siRNA synthesis and transfection were per-
formed as described in Example 1.

[0205] Hepatocyte/Fibroblast Co-Cultures

[0206] Hepatocytes were 1solated from 2-3 month old adult
temale Lewis rats (Charles River Laboratories) and purified
as described previously (34,35). Fresh, 1solated hepatocytes
were seeded at a density of 2.5x10° cells per well, in 17-mm
wells adsorbed with 0.13 mg/mL Collagen-I. Cultures were
maintained at37° C., 5% CO, 1n hepatocyte medium consist-
ing of DMEM with high glucose, 10% fetal bovine serum, 0.5
U/mL 1nsulin, 7 ng/mL glucagons, 7.5 ug/mlL hydrocorti-
sone, 10 U/mL penicillin, and 10 pg/ml streptomycin.
Twenty-Tfour hours after hepatocyte seeding, fibroblasts from
transiection experiments were co-cultivated at a previously
optimized 1:1 hepatocyte:fibroblast ratio 1 fibroblast
medium (36). Medium from hepatocyte/fibroblast co-cul-
tures was collected and replaced with hepatocyte medium
every 24 hours until completion of the experiment.

[0207] Hepatocellular Function Assays

[0208] Hepatocyte/fibroblast co-cultures were assayed for
albumin production and cytochrome P450 enzymatic activity,
prototypic indicators of hepatocellular function (37, 38).
Albumin content 1n spent media samples was measured using,
an enzyme linked immunosorbent assay (ELISA) with horse-
radish peroxidase detection (35). Cytochrome P450
(CYP1A1l) enzymatic activity was measured by quantiiying
the amount of resorufin produced from the CYP-mediated
cleavage of ethoxyresorufin O-deethylase EROD) (39). Spe-
cifically, EROD was incubated with cell cultures for 30 min,
media was collected, and resorufin fluorescence quantified at
571/585 nm excitation/emission. Error bars represent stan-
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dard error of the mean (n=3). Statistical significance was
determined using one-way ANOVA (analysis of variance).

Results

[0209] The utility of RNA1 as a functional genomics tool 1s
predicated upon associating gene silencing with downstream
phenotypic observations. Yet non-uniform gene silencing
may obscure bulk measurements (protein, mRNA) com-
monly used to validate gene knockdown and obscure geno-
type/phenotype correlations. We compared the downstream
cifects of non-uniform and homogenous gene silencing to
specifically examine the stabilizing effect of non-parenchy-
mal cells (313 fibroblasts) on hepatocellular function in vitro
(36). Recently, several cadherins from hepatocyte-fibroblast
junctions were 1dentified as potential mediators of liver-spe-
cific function 1n vitro (37). Based on this finding, we trans-
fected fibroblasts with T-cad siRNA or T-cad siRNA/QD
complexes, sorted each population according to high or low
cellular fluorescence, and co-cultivated the populations with
hepatocytes. Markers of liver-specific function, albumin syn-
thesis and cytochroine P450 1A1 (CYP1Al) activity, were
measured 1n hepatocyte/3T3 co-cultures (FI1G. 6). Compared
to control co-cultures, significant downregulation 1n hepato-
cellular function (2-fold) was observed exclusively in the
cultures that had been treated with T-cad siRNA/QD com-
plexes and sorted for high cellular fluorescence. These studies
implicate a role for fibroblast T-cadherin protein expression
in modulating hepatocellular function 1n vitro, an interpreta-
tion revealed only once a homogenously-silenced population
of fibroblasts was obtained.

Example 5

QDs Demonstrate Superior Photostability and
Brightness Relative to Fluorescent Dyes for siRNA
Tracking

Materials and Methods

[0210] QD and siRNA synthesis and transiection were per-
formed as described 1n Example 1.

Results

[0211] Cells were transfected with 20 ug QD (em 566 nm)
or 100 nM Lamin A/C siRNA modified with tfluorescein on
the 5' end of the sense strand. As shown 1n FIG. 8A, QDs
fluoresce brightly under continuous mercury lamp exposure
over several minutes, while the fluoroscein attached to the

s1IRINA bleaches under continuous excitation and 1s no longer
detectable after t=5 minutes (FIG. 8B).

Example 6

Uptake and Silencing Activity of QD/siRNA Conju-
gates

Materials and Methods

[0212] Quantum dots (Amino PEG ITK 705, Quantum Dot
Corporation) were dissolved in 150 mM NaCl, 50 mM
Sodium Phosphate, pH 7.2. 300 ug of cross-linker (SPDP,
Pierce or SMCC, Sigma) was added per 500 pmol of nano-
particles and allowed to react for 1 hour. After filtering on a

NAPS gravity column to remove excess cross-linker, QDs
were added to a 10 fold excess (5 mmol) of thiolated siRNA
(first reduced with 0.1 M DT'T and then filtered on a NAP3

column). The siRNA used was designed against destabilized
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enhanced GFP (“EGFP”, Clontech), and thiolated on the 5
end of the sense strand. After reaction overnight at 4° C.,
particles were washed twice with PBS, twice with 5xSSC (1.5
M NaCl, 0.15 M Sodium Citrate, pH 7.2), and twice with
PBS, using three Amicon-4 (100 kDa cutotl) spin filters. QDs
were added to lipofectamine 2000 (1 uL per well of a 24 well
plate) and allowed to complex for 20 minutes 1n serum-iree

media. QD/lipofectamine complexes were then added to
GFP+HeLa cells (20-40% contluent 1n a 24 well plate).

Media was changed to 10% FBS at 24 hours. Cells were
trypsinized and flow cytometry performed at 48 hours to
assess GFP and QD signal. Percent knockdown was assessed
by comparing with control cells treated with lipofectamine
alone.

Results

[0213] QDs and siRNA targeted to EGFP were conjugated
to one another using either sulfo-SMCC or sulto-LC-SPDP
(depicted 1n the upper portion of FIG. 9) to produce
QD/s1iIRNA conjugates. The latter reagent provided conjuga-
tion via a disulfide bond. Complexes containing either Lipo-
fectamine and s1IRINA or Lipofectamine and QD/siRNA con-
jugates were formed as described above. Hela cells
expressing EGEFP were treated with Lipofectamine/siRNA
complexes or with either of the two Lipofectamine/QD/
siIRNA complexes at a range of different QD concentrations.
EGFP fluorescence was measured as an indication of EGFP
expression. Fluorescence signal from the QD/siRNA com-
plexes was gathered. As shown 1n FIG. 9 (left panel) both
QD/s1iRNA conjugates resulted in efficient silencing of EGFP,
with the disulfide-linked conjugate displaying a greater
silencing effect under these conditions although the
QD/s1iRNA conjugates produced using SMCC were taken up
in higher amounts by the cells as shown 1in FIG. 9 (night
panel). The apparently greater efficacy of the disulfide-linked
conjugates may reflect release of the siRNA from the QD
inside the cells.

Example 7
Targeted Delivery of QDs to Cells
Materials and Methods

[0214] Quantum dots were conjugated to various peptides
using sulfo-SMCC and the procedure described 1n Example 6
above. Briefly, 300 ug of cross-linker was added to 500 pmol
of quantum dots. After 1 hour at room temperature, QDs were
filtered on a NAPS5 column and added to various thiolated
peptides: KAREC (SEQ ID NO: 3), INF7, F3, F3+INF7
(equal molar rati0). KAREC denotes a 5 amino acid peptide,
which 1s used as a non-internalizing control. 100 nM concen-
tration of QDs were added to HelLa cells 1n media with 10%
FBS. “No QDs” indicates no quantum dots were added to the
cells and represents the background signal. “No peptide”
indicates no peptide was added to the QDs after the cross-
linker was added and particles filtered. Four hours later, cells
were washed, trypsinized and flow cytometry was performed.

Results

[0215] F3 (CAKVKDEPQRRSARLSAKPAPPKPEPKP-
KKAPAKK, SEQ ID: 4) 1s a 34 amino acid basic peptide that
binds to nucleolin, a protein that 1s present at higher levels on
the surface of dividing than non-dividing cells. INF7

(GLFEAIEGFI ENGWEGMI DGWYGC, SEQ ID NO: 5)1s

Dec. 24, 2009

a peptide derved from the N-terminus of the influenza HA-2
domain that enhances endosome escape. QD/peptide conju-
gates were prepared 1 which QDs were conjugated either
with F3, with INF7, with both F3 and INF7, or with the
random control peptide (KAREC). Cells were treated with
cach preparation and analyzed for QD internalization by flow
cytometry. As shown in FIG. 11 (right panel), the greatest
internalization was achieved using (QDs conjugated with
either F3 alone or F3 and INF7/, thereby demonstrating the
ability of F3 to enhance QD uptake. In another experiment,
QDs are conjugated with an siRNA, and the ability of the
various conjugates to silence expression of a target gene 1s
assessed.

Example 8
Optimization of Targeted QD/siRNA Conjugates
Materials and Methods

[0216] Matenals

[0217] Quantum dots with emission maxima of 655 nm or
705 nm and modified with PEG and amino groups were
obtained from Quantum Dot Corporation (ITK amino). QD
concentrations were measured by optical absorbance at 595
nm, using extinction coetlicients provided by the supplier.
Cross-linkers used were sulto-LC-SPDP (sulfosuccimmidyl
6-(3'-[ 2-pyridyldithio]-propionamido )hexanoate)  (Pierce)
and sulfo-SMCC (sulfosuccimimidyl-4-(N-maleimidom-
cthyl)cyclohexane-1-carboxylate) (Sigma). Synthetic RNA
duplexes directed against the EGFP mRNA were synthesized,
with the sense strand modified to contain a 5' thiol group
(Dharmacon) (Sense: 5'-Th-(CH,).-GGC UAC GUC CAG
GAG CGC ACC; Antisense: S'-UGC GCU CCU GGA CGU
AGC CUU). The F3 peptide was synthesized with an animo-
hexanoic acid (Ahx) spacer and cysteine residue added for
conjugation (Fmal sequence: C[Ahx]AKVK DEPQR
RSARL SAKPA PPKPE PKPKK APAKK). A FITC-labeled
F3 peptide was also synthemzed along with KAREC (Lys-
Ala-Arg-Glu-Cys), a five amino acid control peptide. All
peptides were synthesized by N-(9-fluorenylmethoxycarbo-
nyl)-L-amino acid chemistry with a solid-phase synthesizer
and purified by HPLC. The composition of the peptides was
confirmed by MS.

[0218] Conjugation of Peptides and Nucleic Acid to QDs
[0219] Amino-modified QDs were conjugated to thiol-con-
taining siIRNA and peptides using sulto-LC-SPDP and sulfo-
SMCC cross-linkers. QDs were resuspended i 50 mM
sodium phosphate, 150 mM sodium chloride, pH 7.2, using
Amicon Ultra-4 (100 kDa cutotl) filters. Cross-linker (1000-
fold excess) was added to QDs and allowed to react for 1 hour.
Samples were filtered on a NAP-5 gravity column (to remove
excess cross-linker) into similar buifer supplemented with 10
mM EDTA. siRNA was treated with 0.1 M DTT for one hour
and filtered on a NAP-5 column into EDTA-containing builer.

Peptides were typically used from lyophilized powder. Pep-
tide and/or siRNA was added to filtered QDs and allowed to

react overnight at 4° C. Using three Amicon filters, product

was filtered twice with Dulbecco’s phosphate buifered saline
(PBS), twice with a high salt butfer (1.0 M sodium chloride,

100 mM sodium citrate, pH 7.2), and twice again with PBS.
High salt washes were performed to remove electrostatically
bound siRNA and peptide, which was not removed with PBS
washes alone.

[0220] For siRNA-QDs, a 10-fold excess of siRNA was
typically used for both cross-linkers. In the case of sulfo-LC-
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SPDP, the amount of conjugated siRNA was assayed using
gel electrophoresis (20% TBE gel, Invitrogen), staining with
SYBR Gold (Invitrogen). To confirm that stmilar amounts of
siIRNA (approximately 2 per QD) were conjugated to (QDs
using sulfo-SMCC, particles were stamned with SYBR Gold
and measured with a fluornimeter (SpectraMax Gemini XS,
Molecular Devices).

[0221] For F3/siRNA-QDs and KAREC/siRNA-QDs, a
molar ratio of 15:70:1 (siRNA:peptide:(QDs) was found to be
optimum, though a variety of ratios were attempted (FIG.
4A). These conditions yielded approximately 20 F3 peptides
and 1 siRNA duplex per particle.

[0222] Cell Culture

[0223] Internalization and knockdown experiments were
performed using a HelLa cell line stably transfected with 1 h
destabilized EGFP (courtesy of Phillip Sharp, MIT). Growth
media was Dulbecco’s modified Eagle’s medium (DMEM
containing 4.5 g/LL glucose and supplemented with 10% FBS,
100 units/mL penicillin, 100 ug/mL streptomycin, and 292
ug/mL L-glutamine. Cells were passaged into 24-well plates
and used at 50-80% confluency for internalization experi-
ments and 20-40% confluency for knockdown experiments.
[0224] For mternalization experiments (FIG. 12), QDs
were added to cell monolayers 1n media without serum at a
final concentration of 50 nM. After four hours, cells were

washed with media, treated with trypsin (0.25%) and EDTA,
and resuspended in 1% BSA (1n PBS) for flow cytometry (BD
FACSort, FLL1 for EGFP signal and FL3 for QD signal).
Fluorescence data on 10,000 cells were collected for each
sample and the geometric mean of itensity was reported.
[0225] Forknockdown experiments (FI1G. 13), siRNA-QDs
(in 50 ul. serum/antibiotic-free media) were added to Lipo-
tectamine 2000 (1 pL 1n 50 ulL media, Invitrogen) and
allowed to complex for 20 minutes. Cell media was changed
to 400 uL of serum/antibiotic-free per well, and QD solutions
(100 uL) were added dropwise. Complete media was added
12-18 hours later. Forty-eight hours after the QD were added,
cells were trypsinized and assayed for fluorescence by flow
cytometry.

[0226] To assess EGFP knockdown, 50 nM or 10 nM con-
centrations of F3/s1RNA-QDs or KAREC/siRNA-QDs were
added to cell monolayers (20-40% contluent) 1n media with
serum/antibiotics. Four hours later, cells were washed with
similar media. Some samples were then treated with 1 ulL of
Lipofectamine per well (added dropwise in 100 ul. media)
either immediately after washing or after a 90 minute incu-
bation at 37° C. (to allow membrane recycling). For all
samples, media was changed to complete DMEM with
serum/antibiotics ~16 hours after the addition of QDs, and
assayed by flow cytometry 48 hours from the start of the
experiment. For imaging, cells were initially seeded on glass-
bottom dishes (Mat-Tek) and observed 48 hours after the
addition of QDs using a 60x o1l immersion objective. Images
were captured with a SPOT camera mounted on a Nikon
TE200 inverted epifluorescence microscope.

Results

[0227] Taking a modular approach, particle internalization
and siIRNA attachment were 1nvestigated separately before
these functions were combined in a single particle. First,
peptides were conjugated to (QDs to improve tumor cell
uptake. Addition of as-purchased PEGlyated QDs to Hela
cell monolayers led to minimal cell uptake, as quantified with
flow cytometry (FIG. 12A). Conjugation of siRNA or a con-
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trol pentapeptide (KAREC) did not increase QD internaliza-
tion, but addition of F3 peptide to the QDs improved the
uptake significantly (two orders of magmtude). To confirm
the specificity of F3 uptake, free F3 peptide was added to cells
along with 50 nM F3-QDs (FIG. 12B). Dose-dependent 1nhi-
bition of uptake was observed with F3 peptide concentrations
from 1 uM to 1 mM. Inhibition of uptake by free KAREC
peptide was minimal by comparison. The large excess of free
peptide required for inhibition may be due to multiple copies
of the F3 peptide on each QD and improved receptor binding
as a result of multivalency.

[0228] To quantily the number of peptides added per par-
ticle, FITC-labeled F3 peptide was synthesized and attached
to QDs using a cleavable cross-linker (sulfo-LC-SPDP).
After filtering to remove unreacted peptide, 2-mercaptoetha-
nol (2-ME) was added to reduce the disulfide bond between
peptide and QD. Using a 100 kDa cutoff filter, F3-FITC
peptide was separated from the QDs and quantified by fluo-
rescence. Several reactions were performed with various
amounts of FITC-F3 and siRNA as reactants. For each for-
mulation, the cellular uptake was quantified by flow cytom-
etry and F3 number measured (FIG. 12C, each point indicates
a separate formulation). The results suggest that up to ~25 F3
peptides can be added per QD. Attachment of a small number
of peptides (0-5) did not lead to significant uptake (less than
10% of maximum). Uptake increased with peptide number,
but began to saturate around 135 copies per QD.

[0229] The use of cleavable (sulfo-LC-SPDP) or non-
cleavable (sulto-SMCC) cross-linkers for the attachment of
F3 peptide did not significantly atiect cell uptake. The choice
of cross-linker, however, may affect the ability of the siRNA
cargo to interact with RISC. The interior of the cell 15 a
reducing environment, which would lead to cleavage of the

disulfide bond generated by sulfo-LC-SPDP, freeing the
siRNA. On the other hand, the amide bond produced by
sulfo-SMCC 1s unatfected by reducing conditions (confirmed
by treating the conjugates with 2.5% 2-ME for 30 min),
leaving the intracellular QD/siRNA conjugate intact. We
compared the efficiency of QD/siRNA conjugates prepared
with both cross-linkers using an EGFP model system. Deliv-
ery of the conjugates to EGFP-labeled Hel.a cells was per-
formed by first complexing the particles with a cationic lipo-
some transiection reagent (Lipofectamine 2000), to satisly
the functions of cell internalization and endosome escape,
and knockdown efficiency was quantified by a reduction 1n
EGFP fluorescence over controls (Lipofectamine only).

[0230] Using gel electrophoresis, the amount of siRNA
conjugated per particle was quantified relative to double-
stranded RNA standards. Particles conjugated using sulfo-
LC-SPDP were first introduced under native (non-reduced)
conditions (FIG. 13B). The absence of a siRNA band 1n the
QD/s1iRNA lanes indicates that no siRNA 1s electrostatically
bound to the particles. Exposing the particles to 2-ME for 30
minutes led to the appearance of a siRNA band 1n the SPDP
lane, which can be quantified with RNA standards and
ImageQuant software (FIG. 13C). Using this approach,
approximately two siRNNA duplexes were conjugated per QD
under these conditions. Cellular fluorescence was quantified
48 hours after incubation with Hel a cells using flow cytom-
etry. As hypothesized, the QD/siRNA formulation produced
with the disulfide bond (using sulio-LC-SPDP) led to greater
EGFP knockdown (FIG. 3D).

[0231] In addition to improved siRNA function, the use of
a cleavable cross-linker allows the removal and quantification
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of both species after F3 peptide and siRNA co-attachment.
The F3:s1RNA reaction ratio was varied with the goal of
generating a formulation capable of hugh cell uptake as well
as the ability to carry a significant payload of siRNA. The
results indicate a trade-ofl between one siRNA per particle
with high uptake (>15 peptides) and two duplexes but low
uptake (<10 peptides) (FIG. 14A). Negatively-charged
s1IRNA may be electrostatically adsorbing to the surface of the
aminated (QDs, preventing the attachment of additional F3
peptides. Potentially, performing the reaction in high salt
conditions, or in the presence of a surfactant, may allow
higher loading. Since both high uptake efficiency and siRNA
number are required for knockdown, particles with ~20 F3s
and a single siRNA duplex were further investigated.

[0232] When incubated with cells, these particles were
shown to internalize significantly, but did not lead to reduc-
tion 1n EGFP fluorescence 48 hours later. Fluorescence
microscopy revealed that the particles were intracellular, but
they colocalized with an endosomal marker (LysoSensor,
Molecular Probes). Addition of an endosome escape agent,
therefore, was used to achieve knockdown. Specifically, after
incubation of cells with F3/siRNA-QDs and washing, cat-
ionic liposomes were added for 12 hours. Although cationic
liposomes and polymers are typically used to form complexes
with nucleic acids or particles, thereby ferrying the payload
inside cells, 1n this case the reagent led to endosomal escape
of previously mternalized QDs. Without wishing to be bound
by any theory, the cationic liposomes may be internalized into
new endosomes, which fuse with the endosomes carrying the
(QDs. As the pH of the vesicle 1s lowered by the cell, osmotic
lysis leads to the release of both species into the cytoplasm. To

assess the importance of the targeting ligand, particles carry-
ing siRINA and a control peptide (KAREC) were used. These

KAREC/s1IRNA particles were not internalized, and no EGEFP
knockdown was observed, despite endosome disruption.
Additionally, a time lag of 90 minutes between washing the
cells free of QDs and cationic liposome addition did not lead
to significant reduction 1n efficiency, indicating that endoso-
mal degradation of the siRNA 1s not an issue on this time
scale.

[0233] In addition to cationic liposomes, some chemo-
therapeutics, such as chloroquine have been shown to result in
endosomal escape (Won et al., 2005, Science, 309:121).
While an endosome escape step could be a realistic part of a
treatment regimen, there 1s also potential that this function
could be built into each particle. Addition of a fusogenic
peptide to the QD surface, for example, may further improve
delivery of the multifunctional particles described (Plank et

al., 1994, J. Biol. Chem., 269:12918).

[0234] Decorating the surface of a fluorescent quantum dot
with both a targeting ligand and siRNA duplex requires a
tradeoil 1n the number of each species but can be used to
generate a conjugate capable of knockdown in vitro. We
found that multiple copies of the F3 targeting peptide were
required for QD uptake, but that siRNA cargo could be co-
attached without affecting the function of the peptide. Disul-
fide (sulfo-LC-SPDP) and covalent (sulfo-SMCC) cross-
linkers were mvestigated for the attachment of siRNA to the
particle, with the disulfide bond showing greater silencing,
eificiency. Finally, after delivery to cells and release from
their endosomal entrapment, F3/siRNA-QDs led to knock-
down of EGFP signal. By designing the siRNA sequence
against a therapeutic target (e.g. an oncogene) instead of
EGFP, this technology may be adapted to treat and image
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metastatic cancer. The technology explored in this study
could be readily adapted to other nanoparticle platiforms, such
as 1ron oxide or gold cores, which allow 1mage contrast on
magnetic resonance or X-ray imaging respectively and may
therefore mitigate concerns over QD cytotoxicity and the
limited tissue penetration of light. QDs, however, remain an
attractive tool for 1n vitro and animal testing, where tluores-
cence 15 the most accessible and common 1maging modality.

EQUIVALENTS

[0235] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention,
described herein. The scope of the present invention i1s not
intended to be limited to the above Description, but rather 1s
as set forth 1n the appended claims.

[0236] Those skilled 1n the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the mmvention
described herein. The scope of the present mnvention 1s not
intended to be limited to the above Description, but rather 1s
as set forth 1n the appended claims.

[0237] In the claims articles such as “a,” “an,” and “the”
may mean one or more than one unless indicated to the
contrary or otherwise evident from the context. Claims or
descriptions that include “or” between one or more members
ol a group are considered satisfied 11 one, more than one, or all
of the group members are present 1n, employed in, or other-
wise relevant to a given product or process unless indicated to
the contrary or otherwise evident from the context. The inven-
tion includes embodiments 1n which exactly one member of
the group 1s present 1n, employed 1n, or otherwise relevant to
a given product or process. The invention also includes
embodiments 1in which more than one, or all of the group
members are present 1n, employed in, or otherwise relevant to
a given product or process. Furthermore, 1t 1s to be understood
that the invention encompasses all variations, combinations,
and permutations 1n which one or more limitations, elements,
clauses, descriptive terms, etc., from one or more of the listed
claims 1s mtroduced into another claim. For example, any
claim that 1s dependent on another claim can be modified to
include one or more limitations found 1n any other claim that
1s dependent on the same base claim. Furthermore, where the
claims recite a composition, it 1s to be understood that meth-
ods of using the composition for any of the purposes disclosed
herein are included, and methods of making the composition
according to any of the methods of making disclosed herein or
other methods known 1n the art are included, unless otherwise
indicated or unless it would be evident to one of ordinary skill

in the art that a contradiction or inconsistency would arise.

[0238] Where eclements are presented as lists, e.g., 1n
Markush group format, 1t 1s to be understood that each sub-
group ol the elements 1s also disclosed, and any element(s)
can be removed from the group. It should it be understood
that, in general, where the invention, or aspects of the mnven-
tion, 1s/are referred to as comprising particular elements,
features, etc., certain embodiments of the invention or aspects
of the mvention consist, or consist essentially of, such ele-
ments, features, etc. For purposes of simplicity those embodi-
ments have not been specifically set forth in haec verba
herein. It 1s also noted that the term “comprising” 1s intended
to be open and permits the inclusion of additional elements or
steps.
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[0239] Where ranges are given, endpoints are included.
Furthermore, it 1s to be understood that unless otherwise
indicated or otherwise evident from the context and under-
standing of one of ordinary skill in the art, values that are
expressed as ranges can assume any specific value or sub-
range within the stated ranges 1n different embodiments of the
invention, to the tenth of the unit of the lower limit of the
range, unless the context clearly dictates otherwise.

[0240] In addition, 1t 1s to be understood that any particular
embodiment of the present invention that falls within the prior
art may be explicitly excluded from any one or more of the
claims. Since such embodiments are deemed to be known to
one of ordinary skill 1n the art, they may be excluded even 1f
the exclusion 1s not set forth explicitly herein. Any particular
embodiment of the compositions of the invention (e.g., any
nanoparticle type, property, or material composition; any
RNA type; any transiection reagent, etc.) can be excluded
from any one or more claims, for any reason, whether or not
related to the existence of prior art.
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1. An1solated composition comprising an optically or mag-
netically detectable nanoparticle and an RINA1 agent.

2. The composition of claim 1, wherein the nanoparticle 1s
physically associated with the RN A1 agent.

3. The composition of claim 1, wherein the nanoparticle 1s
not conjugated to the RNA1 agent.

4. The composition of claim 1, wherein the nanoparticle 1s
conjugated to the RNA1 agent.

5. The composition of claim 1, wherein the RNA1 agent 1s
an siRNA.

6. The composition of claim 1, wherein the nanoparticle
comprises a quantum dot.
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7. The composition of claim 1, wherein the nanoparticle
comprises a plasmon resonant particle.

8. The composition of claim 1, wherein the nanoparticle
comprises a tluorescent or luminescent moiety.

9. The composition of claim 1, further comprising a trans-
fection reagent comprising one or more materials selected
from the group consisting of: cationic lipids, non-cationic
lipids, cationic polymers, non-cationic polymers, dendrim-
ers, polysaccharides, dextran, and translocation peptides.

10. The composition of claim 1, further comprising a trans-
fection reagent, wherein the nanoparticle, the RNA1 agent,
and the transfection reagent form a complex.

11. (canceled)

12. The composition of claim 1, wherein the composition
comprises (1) at least first and second optically or magneti-
cally detectable nanoparticles having distinguishable optical
or magnetic properties, and (11) at least first and second RINA1
agents, wherein the first optically or magnetically detectable
nanoparticle 1s physically associated with the first RNA agent
and the second optically or magnetically detectable nanopar-
ticle 1s physically associated with the second RNA1 agent.

13. The composition of claim 1, further comprising (1) at
least one additional optically or magnetically detectable
nanoparticle having optical or magnetic properties distin-
guishable from those of the first and second nanoparticles,
and (11) at least one additional RNA1 agent, wherein each
additional RN A1 agent 1s associated with a nanoparticle hav-
ing optical or magnetic properties distinguishable from those
of the nanoparticles that are physically associated with the
other RN A1 agents.

14. (canceled)

15. The composition of claim 1, wherein the optically or
magnetically detectable nanoparticle, the RNA1 agent, or
both, has an endosomal escape agent attached thereto.

16. The composition of claim 1, wherein the optically or
magnetically detectable nanoparticle, the RNA1 agent, or
both, has a cell targeting agent attached thereto.

17. The composition of claim 1, wherein the optically or
magnetically detectable nanoparticle 1s attached to the RNA1
agent by a cleavable linkage.

18-30. (canceled)

31. A kit comprising: an optically or magnetically detect-
able nanoparticle and an RNA1 agent.

32-40. (canceled)

41. A method of monitoring delivery of a functional RNA
to a cell comprising steps of:

(a) contacting the cell with an optically or magnetically

detectable nanoparticle and a functional RNA; and

(b) analyzing the cell to detect the presence, absence, or

amount of the nanoparticle in the cell, wherein presence
of the nanoparticle 1n the cell 1s indicative of presence of

the functional RNA 1n the cell.
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42. (canceled)

43. The method of claim 41, wherein the amount of the
nanoparticle in the cell 1s indicative of the amount of the
functional RNA 1n the cell.

44. The method of claim 41, wherein the amount of the
nanoparticle in the cell correlates with activity of the func-
tional RNA 1n the cell.

45. The method of claim 41, wherein the functional RNA 1s
an RNA1 agent and the amount of the nanoparticle 1n the cell
correlates with gene silencing activity of the RNA1 agent 1n
the cell.

46-48. (canceled)

49. The method of claim 41, wherein the step of analysing
comprises performing FACS, imaging, or fluorescence
microscopy.

50-69. (canceled)
70. A method of sorting cells comprising steps of:

(a) contacting cells with an optically or magnetically
detectable nanoparticle and a functional RNA;

(b) analyzing the cells to detect the presence, absence, or
amount of the nanoparticle in the cells; and

(¢) 1identitying the cells as belonging to one of at least two
populations based on the presence, absence, or amount
of the nanoparticle 1n the cells.

71-73. (canceled)

74. The method of claim 70, further comprising: physically
separating the cells 1into at least two populations based on the
presence, absence, or amount of the nanoparticle 1n the cells.

75-82. (canceled)

83. A method of monitoring gene silencing 1n a cell com-
prising steps of:

(a) contacting the cell with an optically or magnetically
detectable nanoparticle and an RNA1 agent targeted to a
gene; and

(b) analyzing the cell to detect the presence, absence, or
amount of the nanoparticle 1n the cell, wherein presence
of the nanoparticle 1n the cell 1s indicative of silencing of
the gene by the RNA1 agent.

84. The method of claim 83, wherein the amount of the
nanoparticle i the cell 1s indicative of the degree of silencing,
of the gene.

85. (canceled)

86. The method of claim 83, wherein the amount of the
nanoparticle in the cell 1s indicative of the amount of the
RINA1 agent in the cell.

87. The method of claim 83, wherein the RNA1 agent 1s an
s1IRNA and the amount of the nanoparticle in the cell corre-
lates with gene silencing activity of the siRNA 1n the cell.

88-115. (canceled)
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